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The objectives of this study were: a) analyze the impact of different variables on a 
performance based mix design method for cold in-place recycling (CIR), b) develop a 
practical method for CIR in-place density determination during construction, and c) 
conduct long-term performance and benefit-cost analysis of CIR pavements throughout 
Nevada over the period of 2000-2015. 
Four types of asphalt emulsions, two contents of lime slurry (4.5 and 6.0%), and two types 
of reclaimed asphalt pavement (RAP) gradations; a medium graded RAP according to the 
Pacific Coast Committee on Asphalt Specifications (PCCAS), and a non-graded RAP 
passing 1.0 inch sieve, were used for the mix design of CIR. The mix designs were 
conducted following a method using the Superpave gyratory compactor, and evaluated for 
their moisture susceptibility and raveling performance. Gradation plays a role on the 
optimum emulsion content (OEC) determination for CIR mixtures, whereas there is no 
noticeable increase on the performance by using 6.0 or 4.5% lime slurry. 
Three test methods were used to determine the in-place density of CIR pavements; the Sand 
Cone test method, the Balloon test method, and permeability testing using the NCAT field 
permeameter. Density tests were conducted on full scale CIR slabs produced in the 
laboratory and compared to the actual density of the compacted CIR layer obtained from 
core samples drilled out of the slabs. Permeability test was difficult to perform, and was 
discarded due to water leaks around the base of the equipment causing fines to wash away 
from the CIR mixture while performing the test. The best alternative to estimate the in-
place air voids is the Sand Cone method coupled with measuring the bulk density of the 
ii 
 
cores using the parafilm technique. Field verification conducted on a CIR project in 
Fernley, Nevada, confirmed the selected test method results. 
Long-term performance analysis was conducted on CIR pavements constructed in Nevada 
during the period of 2000-2015.  A total of 94 CIR pavements were identified throughout 
Nevada; 63 CIR pavements with AC overlays and 31 CIR pavements with surface 
treatments. Pavement condition index (PCI) data indicated that most of the CIR projects 
are in excellent or in very good condition, at the age of 15 years for CIR pavements with 
AC overlays and at 12 years for CIR pavements with surface treatments. The benefit cost 
analysis determined that pavements with lower AADT and lower CIR thickness tend to 
have higher benefit cost ratio, indicating a strong interaction between the structural design 
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Chapter 1. Introduction 
Cold in-place recycling (CIR) is a pavement recycling treatment equivalent to the re-
construction of the upper portion of the asphalt concrete (AC) layer without the application 
of heat. This treatment is composed of 100 percent recycled pavement and is performed 
on-site. CIR is developed using reclaimed asphalt pavement (RAP) and an additive or a 
combination of additives, such as asphalt emulsion, foamed asphalt, rejuvenating agent, 
lime, cement or fly ash. Asphalt emulsions are commonly used to construct CIR pavements 
in Nevada. The depth of the treatment can vary between 2 and 5 inch, but typical practical 
applications are between 3 and 4 inch. In most cases, it is critical that a minimum of 2 inch 
of the existing AC layer remains in place to provide stable support for the construction 
equipment and activities.    
CIR can be used to fix most types of pavement distresses and as an effective method for 
delaying reflective cracking. The upper part of the asphalt concrete layer is pulverized, 
mixed with virgin materials, and reused in-place. This process reuses 100% of the RAP 
generated in the process without hauling material out from the project site. Usually the 
recycled pavement is open to limited traffic at the end of the working day, after the curing 
of the applied fog seal. This can lead to economic savings and a reduction on the 
environmental impact of a paving project.  
The CIR production process can be characterized by the following steps: 
1. Cold milling a portion of the existing AC layer 
The AC layer is cold milled, crushed, and screened to meet the requirements of the 
designated RAP gradation.  
2. Addition and mixing of additives 
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An additive or a combination of additives are added to the RAP (and new materials, 
if necessary) and mixed in the pugmill using the mix design proportions. 
3. Laying down of the CIR mix  
The recycled mixture is laid down by the paver.  
4. Compaction of the CIR layer  
Mixture is compacted using a combination of roller compactors.  
5. Curing of the CIR layer  
After compaction, the CIR material requires certain amount of time for the asphalt 
emulsion to cure and strengthen the CIR mixture. A fog seal is applied to reduce 
raveling by the traffic during the curing of the mixture.  
6. Application of a wearing surface 
The wearing surface can be either an asphalt concrete overlay or a surface 
treatment, depending on the traffic level of the roadway. 
Some of the benefits of using CIR are: 
• Reuse of non-renewable resources and the conservation of existing pavement 
materials 
• Energy conservation (from hauling material and production) compared to other 
rehabilitation methods 
• Surface irregularities are corrected, and pavement ride quality is improved 
• Most types of pavement distresses can be treated (including any type of cracking) 
• Effective method to reduce the potential for reflective cracking through the new 
AC overlay 
• Reduce material transportation costs 
Some of the problems encountered during the CIR process are: 
• In-place density of the compacted layer is unknown 
• A wearing surface application is required 
• Curing time is required for the strengthening of the CIR layer 
• Variation of the existing material along the project 
This study focuses on three topics related to CIR pavements production and long-term 
performance; CIR mix design using Superpave gyratory compactor and mix design 
performance evaluation, CIR in-place density determination, and long-term performance 




Chapter 2. Literature Review 
This chapter presents the review of previous work conducted by researchers on CIR mix 
design methods, CIR in-place density measurement, and CIR long-term performance. 
2.1. Background 
The CIR construction process typically uses a combination of equipment referred as the 
CIR train. Two types of CIR trains are commonly used for CIR construction; single 
machine or multi-unit train. The single machine is a single unit equipment that mills the 
existing AC layer to produce RAP and adds and mix the recycling agents. The single unit 
train is followed by the paver and compaction rollers. The multi-unit train includes water 
truck, emulsion tank, cold milling machine, crushing and screening unit, pugmill mixer, 
paver, and compaction rollers. Virgin materials or recycling agents used in the recycling 
process may be asphalt emulsion, rejuvenating agent, foamed asphalt, lime, fly ash or 
cement [1]. 
A wearing course is required to protect the finished CIR layer from the impacts of traffic 
and environment.  The type of wearing course depends on the traffic level of the roadway. 
Surface treatments such as; chip seals, double chip seals, slurry seals or microsurfacing 
have been successfully applied on low-medium traffic volume pavements. For higher 
traffic volume pavements, usually an asphalt overlay is applied [2].   
Before the application of the wearing surface (surface treatment or overlay), the CIR 
mixture must be satisfactorily cured to achieve the final strength of the CIR layer. To avoid 
raveling during the curing period, a light application of fog seal may be applied before 
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opening to traffic. After the CIR mixture curing, a secondary compaction might be 
necessary to remove minor consolidation in the wheel path due to traffic densification.  
2.2. CIR Mix Design 
The CIR mix design is the laboratory procedure followed to obtain the optimum amounts 
of additives necessary to meet the project specifications and ensure adequate performance 
during the pavement service life. CIR mix design has additional requirements compared to 
a regular hot-mix asphalt (HMA) or warm-mix asphalt (WMA) mix designs where the 
optimum moisture content of the RAP material must be determined. Currently there is a 
variety of CIR mix design procedures and there is not a nationally accepted CIR mix design 
method. Some of the methods are based on simple empirical formulas while some involve 
more complex mix design methods using performance testing [2]. 
A CIR mix design procedure is geared to accomplish the following goals; reduce the 
brittleness of the aged existing AC mixture, control the compactibility of the CIR mixture, 
provide a mixture with enough stability for early traffic, and improve the moisture 
sensitivity of the mixture [3]. 
Sebaaly et al. proposed a CIR mix design procedure for Nevada composed of the Hveem 
mix design method supplemented with four additional steps: characterization of the in-
place materials, identification of the optimum moisture content, evaluating the stability of 




Piratheepan developed a CIR mix design approach using the Superpave gyratory 
compactor (SGC) [1] through the completion of the following steps: 
• Selection of the RAP 
• Selection of the asphalt emulsion 
• Determination of mixing time 
• Determination of theoretical maximum specific gravity (Gmm) 
• Determination of required number of gyrations 
• Determination of curing time 
• Determination of optimum emulsion content (OEC) 
• Determination of optimum water content (OWC) 
• Evaluation of performance properties  
As part of the CIR mix design approach, Piratheepan proposed test methods to evaluate the 
performance properties of the CIR mixture. The recommended performance tests included; 
moisture sensitivity per AASHTO T283, raveling resistance per ASTM 7196, cohesion 
property per ASTM D3910 (with modifications as the procedure is conducted for chip seals 
and slurry seals), dynamic modulus per AASHTO T342, and rutting resistance per the 
repeated load triaxial test.  
2.2.1. Material Evaluation 
a) Reclaimed Asphalt Pavement (RAP) 
Recognizing that the CIR process does not separate the RAP binder from the mixture, 
researchers have concentrated on the evaluation of the in-place mixtures (RAP) rather than 
evaluation the in-place binder [3]. RAP gradation plays a significant role in the CIR mix 
design. Utah Department of Transportation (UDOT) [4] and the Pacific Coast Committee 
on Asphalt Specifications (PCCAS) [5] recommend the use of either medium or coarse 
RAP gradation in the CIR mix. RAP must be dried to a constant mass, using temperatures 
ranging from 40 to 60˚C, to remove any moisture present in the material.  
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Some researchers have conducted tests on the RAP material. Cross conducted research for 
determining the compaction effort required for the CIR mix design using the SGC. The 
research evaluated the fineness modulus, surface area, and percentage of flaky particles of 
the RAP [6]. Cross also evaluated the asphalt binder content of the RAP using the ignition 
oven per AASHTO T308.  
b) Recycling Agent 
Recycling agents used for CIR mixtures can be categorized as chemical-based or asphalt-
based. Chemical-based recycling agents reacts with the asphalt binder in the RAP to restore 
some of its workability, stability, and flexibility. Asphalt-based recycling agents are 
typically emulsions such as cationic slow setting (CSS), cationic medium setting (CMS), 
or engineered emulsions (EE) [1].  
2.2.2. Mixing, Compacting and Curing of CIR Specimens 
a) Mixing 
Most mixing is accomplished at ambient temperature of 77 ± 9 ˚F [2]. RAP material is 
mixed with the required amount of water for not more than 1 minute. The moistened RAP 
is mixed with the pre-determined amount of emulsion. The mixing time of the emulsion 
with the pre-moistened RAP depends on the type of emulsion used, but should not be more 
than 2 minutes to avoid the emulsion breaking during mixing (i.e., separation of water and 






After mixing, CIR specimens are compacted at ambient temperature (77 ± 9˚F). The 
compactive energy should produce a laboratory compacted specimen with a density 
comparable to the field produced mixture [2]. Cross concluded that the needed compactive 
effort is lower if compaction is completed prior to the breaking of the emulsion [6].   
c) Curing 
Curing is the process by which the emulsion expels the water and dries to an integral film 
of asphalt binder on the RAP aggregate surface. The CIR mixture must lose the excess 
moisture in order to develop maximum strength. For mix design purposes, compacted 
samples are immediately placed in forced draft ovens at 140˚Fand cured to a constant mass. 
Curing time should not be less than 16 hours, but no more than 48 hours [1]. 
2.2.3. Selection of Optimum Emulsion Content and Water Content 
a) Selection of Optimum Emulsion Content (OEC) 
CIR specimens are mixed at three or four recycling agent contents that brackets an 
estimated optimum content for stability and strength testing. Typically asphalt emulsion 
contents are selected in either 0.5 or 1.0% increments. The typical asphalt emulsion content 
in CIR mixtures ranges from 1.0 to 4.0% by dry weight of RAP [2]. The OEC is selected 
as the emulsion content at which the target air voids are reached. 
b) Selection of Optimum Water Content (OWC) 
The OWC is typically selected by most agencies as the moisture content that is expected 
to be added during the milling process, and is decided upon based on experience. The OWC 
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usually ranges from 1.5 to 2.5% by dry weight of RAP. To determine the OWC, some 
researchers have conducted a procedure similar to the procedure for determining the OEC. 
CIR specimens are mixed and compacted at the OEC using four water contents. The OWC 
is selected as the water content corresponding to the maximum unit weight[1]. 
2.3. CIR Density Characterization 
2.3.1. Laboratory Density 
The determination of percent air voids in the compacted CIR mix per  AASHTO T269 
requires the determination of the theoretical maximum specific gravity (Gmm) per 
AASHTO T209 and the bulk specific gravity (Gmb). Gmb can be obtained using saturated 
surface-dry specimens as per AASHTO T166, paraffin-coated specimens as per AASHTO 
T275, or the automatic vacuum sealing method as per AASHTO T331. For open asphalt 
mixtures (i.e., air voids 10% or more) it is recommended to use the paraffin-coated 
specimens, the vacuum sealed specimens, or the volume method to determine the Gmb.   
Cross expressed concerns that AASHTO T166 may not be a suitable method to determine 
the Gmb of CIR mixtures because of water absorption issues caused by the typically high 
air voids [6]. Due to the typical high air voids levels in the CIR mix, Gmb measurements 
using AASHTO T269 or AASHTO T331 are more appropriate than measurements using 
AASHTO T166 [7].  
Cox and Howard performed research on the effect of the different methods to obtain the 
bulk specific gravity of CIR mixtures. The volume method (AASHTO T269) and the 
automatic vacuum sealing method (AASHTO T331) were used to perform Gmb testing. The 
research concluded that on average, air voids by the volume method were 1.1% greater 
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than air voids obtained using the vacuum sealing method [8]. The vacuum sealing method 
is recommended for more accurate results, however, the volume method can be used since 
it is a more efficient and cost-effective, and because of the relatively constant offset 
between the two methods [7]. 
Zhang et al. conducted similar experimental testing to the testing program employed by 
Cox and Howard, to compare air voids of asphalt-treated permeable base mixtures 
measured with different methods. The study evaluated three methods; volume, parafilm, 
and Corelok (vacuum sealing). The volume and parafilm methods yielded higher air voids 
than the Corelok method. It was found that the Corelok vacuum sealing method is more 
reliable than the parafilm method for asphalt treated permeable base mixtures because the 
vacuum allows tighter attachment of the plastic to the specimen surface than the parafilm 
leading to a volume closer to the true volume [9].  
Some researchers attempted to relate the permeability of the asphalt mixture to its density.  
Zhang et al. conducted research on the effective air voids defined as voids permeable to 
water.  Permeability tests were conducted to generate an empirical relationship between 
the permeability of the mixture and its air voids content. The generated empirical 
relationship between the effective air voids for asphalt-treated permeable base mixtures 
[9], is shown by Equations 1 and 2: 
  	
 = 6 × 10 ∗ . (1) 
 	
 = 0.1386 ∗  !"#. (2) 
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Where permeability is in L/h*m2, Va is the percentage of air voids, and Veffective is the 
percentage of effective air voids. 
Christensen and Bonaquist developed a permeability model for HMA using a wide range 
of potential predictors, such as: air voids content, voids in the mineral aggregate (VMA), 
voids filled with asphalt (VFA), aggregate nominal maximum aggregate size (NMAS), 
aggregate surface area, aggregate particle size at 10, 20 and 50% retained material by 
weight, and aggregate percentage finer than 75 μm [10]. The selected model to predict the 
permeability of asphalt mixtures is shown by Equation 3: 
 log'() = 0.377 + 0.220 ∗  − 0.046 ∗ /01 ×  + 1.72 log'23)
− 1.16log '5607) 
(3) 
Where k is the permeability in cm/s*10-5, Va is the percent of air voids, LABxVa is an 
interaction variable (Va for laboratory compacted specimens, 0 for field cores), D50 is 
median aggregate particle size in mm, and NMAS is the nominal maximum aggregate size 
in mm. 
2.3.2. Field Density 
The field densification process for the CIR mixtures requires more compactive effort than 
HMA and WMA due to the colder compaction temperatures, the high internal friction of 
the 100% RAP mixture [2] , and the presence of water [11]. CIR might be compacted using 




Long-term performance of AC pavements is highly dependent on achieving the optimum 
in-place of the asphalt bound layers. The ability to measure density in an effective and 
efficient manner is a critical component to control density during construction. Cox and 
Howard performed an overview of the construction details, field monitoring, and testing 
activities of two field projects; US Highway 49 (US-49) and US Highway 45 Alt (US-
45Alt). On US-49 project, compaction was achieved using a steel wheel compactor with 
rectangular steel pads, followed by a motor grader to smooth the material, and the final 
compaction was performed using a vibratory steel wheel roller. A 97% of standard Proctor 
density was required for full payment. After compaction, the CIR layer was cured until 
moisture content was less than 2.5%. On US-45Alt project, compaction was achieved by 
using a vibratory sheepsfoot roller as the breakdown rolling, followed by a pneumatic tire 
roller, and a vibratory/static steel wheel roller used in an alternating fashion. Compaction 
continued until a nuclear gage reported a dry density of 117.0 pcf (approximately 97% of 
standard Proctor density). No correction factor was applied to the nuclear gage readings, 
and cores to correlate the results were obtained during post-construction monitoring [7]. In 
some cases, achieved field densities exceed laboratory densities considerably.  
2.4. CIR Long-Term Performance 
Several previous studies showed that the expected service life of a CIR pavement with a 
surface treatment is 6 to 10 years, while the expected service life of a CIR pavement with 
an AC overlay is 7 to 10 years [2]. 
Sebaaly et al. monitored the long-term performance of three CIR field projects in Nevada; 
12.5 miles on US-50 in northwestern Nevada, 7.5 miles on US-95 in central Nevada, and 
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6 miles on NV-396 in northwestern Nevada. Long-term performance was monitored by 
testing field cores and surveys of surface conditions. Moderate rutting and low present 
serviceability index (PSI) before the CIR application were corrected with the use of CIR. 
The study concluded that the long-term field performance of CIR projects throughout 
Nevada indicated that CIR is an effective rehabilitation treatment for roads with low and 
medium volume traffic levels [3]. 
Cox and Howard evaluated the performance of CIR pavement on US-49for 53 months 
(nominally 4.5 years). Performance was monitored by using road profiler distress survey 
data, pavement core properties, and falling weight Deflectometer (FWD) evaluations. After 
53 months, all sections of the project were rated “good” according to the pavement 
condition rating (PCR) values and the Mississippi Department of Transportation (MDOT) 
rating categories. The measured mean roughness index (MRI) of all sections was well 
below the 150.16 in/mi threshold, rutting was not a concern on any section, and block and 
fatigue cracking were low severity.  
Layer thickness, obtained from field cores, were fairly variable among the US-49 sections. 
Field cores air voids content varied among sections and ranged from 10.0 to 15.3%. Elastic 
modulus, per ASTM C469, was calculated for the field core samples, as well as the tensile 
strengths. The measured properties of the CIR mixtures were considerably different from 
the AC mixtures, which is reasonable. Elastic modulus and tensile strength values of CIR 
field cores were slightly less than half of the corresponding AC field cores [7]. 
A benefit cost analysis can be used to evaluate the long-term pavement performance and 
the cost-effectiveness of a treatment application. The cost-effectiveness of a pavement is 
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determined by calculating the pavement performance benefit over an analysis period and 
the overall cost of the project. Souliman et al. conducted a benefit-cost analysis to assess 
the value of asphalt pavements with single and sequential slurry seal applications, and 
identify the optimum time for the different cases of applications of slurry seals on asphalt 
pavements within the Washoe Regional Transportation Commission (RTC) region [12].  
Piratheepan et al. conducted a long-term performance evaluation of CIR pavements in 
Nevada. CIR pavements were divided into two groups; CIR pavements with AC overlay, 
and CIR pavements with surface treatment. After analyzing the long-term performance of 
over 60 CIR pavements, the study concluded that CIR is a highly effective rehabilitation 
technique for pavements that are severely deteriorated under all levels of traffic volumes 
throughout the State of Nevada.  Severely deteriorated pavements, that will not be 





Chapter 3. CIR Mixture Design 
3.1. Introduction 
Cold In-place Recycling (CIR) is a pavement recycling treatment produced on-site, mainly 
composed of reclaimed asphalt pavement (RAP), and an additive or a combination of 
additives, such as asphalt emulsions, foamed asphalt binder, rejuvenating agents, lime, 
cement or fly ash.  A CIR mix design is the laboratory procedure in which the job mix 
formula (JMF) of a CIR mixture is established. The CIR mix design shall meet the project 
specifications, assuring the required performance for a long-term service life of the 
rehabilitated pavement.  An appropriate mix design can be a valuable tool for obtaining 
good long-term performance of the CIR layer, and to obtain the greatest economic benefit 
for the treatment.  
Currently there is no nationally accepted mix design standard for CIR mixtures. Over the 
last years a variety of methods have been used for mixture design of the CIR layer. The 
CIR mix design method varies between agencies, some agencies have their own mix design 
procedures, ranging from empirical methods to complex methods with performance based 
testing.  
Many agencies apply mix design procedures using Marshall or Hveem equipment, 
following what was proposed in the 1998 AASHTO-AGC-ARTBA Joint Committee Task 
Force 38 Report on Cold Recycling of Asphalt Pavements [14], which was one of the first 
attempts to standardize a CIR mix design method. In the last years, CIR mix design 
procedures using the Superpave approach have gain wide acceptance. This project focused 
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on developing a CIR mix design method using the Superpave Gyratory Compactor (SGC) 
procedure.  
3.2. Experimental Design 
The CIR mix design procedure using the SGC was selected as the methodology for the CIR 
mix design. The process introduced some variations to the asphalt concrete (AC) mix 
design method using the SGC. For example; the selection of the optimum moisture content 
and the used compaction mold with perforated holes to allow the moisture out during 
compaction are some of the variations, as shown in Figure 1.  
 
Figure 1. SGC mold with holes used for compacting CIR samples. 
Table 1 presents the Experimental Design for the research. In summary, a total of 16 CIR 
mixtures were evaluated; 4 (asphalt emulsions) x 2 (gradations) x 2 (lime slurry). The 4.5% 
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lime slurry consists of 1.5% of hydrated lime plus 3.0% water and the 6.0% lime slurry 
consists of 2.0% hydrated lime plus 4.0% water. The content of all the parts of the CIR mix 
are expressed as percent of the dry weight of the RAP material. For example, 3.0% asphalt 
emulsion means the mass of the emulsion is 0.03 times the mass of the RAP material in the 
sample. 
Table 1. Experimental Design for the Research. 






























The CIR mix design procedure using the SGC is achieved following the steps listed below 
and further described on the next section. 
• Obtaining samples of the RAP material used for the CIR mix. 
• Characterization of the RAP material. 
• Prepare test specimens by mixing, compacting and curing. 
• Selection of the optimum asphalt emulsion and water contents. 




3.2.1. Selection of the Reclaimed Asphalt Pavement 
The experimental plan evaluated two types of RAP materials; graded and non-graded. The 
graded RAP followed the Pacific Coast Committee on Asphalt Specifications (PCCAS) for 
medium gradation, as shown in Table 2. The non-graded RAP was tested as it came from 
the milling operations with maximum size limit of 1.0 inch. 
Table 2. PCCAS Medium and Coarse Gradation. 
Passing Medium Gradation, % Coarse Gradation,% 
Sieve Min. Max. Min. Max. 
1 in 100 100 100 100 
3/4 in 93 97 83 87 
#4 48 52 38 42 
#30 8 12 3 7 
#200 0.5 1.1 0 0.6 
 
The following process is used for preparing the RAP material: 
a) RAP materials were sampled from the stockpile in 55-gallon barrels. 
b) RAP is crushed from one barrel at a time, by passing it through the aggregate 
crusher 3 times. 
c) The crushed RAP is mixed and quartered using a shovel to ensure uniform 
distribution. 
d) RAP is dried at 140°F (60°C) until constant mass (24-48 hours).  
After the RAP is dried, the process is different to prepare graded and non-graded CIR 
mixtures: 
e) For the graded mixture; the RAP is sieved according to the PCCAS medium 
gradation as per AASHTO T27. 
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f) For the non-graded mixture; the RAP is splitted using a mechanical splitter.   
3.2.2. Selection of Asphalt Emulsion 
Four different types of asphalt emulsion were used for this project, each with a shelf life of 
6 months. The types of emulsion included; regular CMS-2s, polymer-modified, and rubber-
modified.  
3.2.3. Determination of Mixing Time 
Mixing time for laboratory CIR mixtures was determined from earlier research at UNR. 
RAP is mixed with lime slurry (4.5% or 6.0%) for 2 minutes followed by 1 minute mixing 
with water (1-4%) and 1 minute mixing with asphalt emulsion (1-4%). A visible 
satisfactory coating is required at the end of the complete mixing process. 
3.2.4. Determination of Theoretical Maximum Specific Gravity (Gmm) 
The measurement of the theoretical maximum specific gravity of the CIR mix was 
determined as per AASHTO T209 with the following steps: 
a) Required size of Gmm sample is determined as per Table 3 
Table 3. AASHTO T209 – Minimum Sample Sizes. 
Nominal Maximum Aggregate Size, 
mm 
Minimum Sample Size, g 
37.5 or greater 4000 
19 to 25 2500 
12.5 or smaller 1500 
 
b) Graded/non-graded CIR mix is prepared and cured at 140°F (60°C) for 24 hours.  
c) The cured loose CIR sample is weighted and placed in a pycnometer with water.  
19 
 
d) Entrapped air is removed from the sample using vacuum (27.5±2.5 mmHG) and 
mechanical agitation for 15±2 minutes. 
e) Pycnometer filled with CIR mix and water is suspended in the water bath at 77±2°F 
(25±1°C) for 10±1 minutes. Underwater weight is measured. 
f) The Gmm of the CIR mix is calculated from Equation 4: 
 
899 = 00 − '2 − 1) [4] 
Where; 
A: mass of dry sample (g) 
B: mass of empty pycnometer underwater at 77°F (25°C) (g) 
D: mass of pycnometer with sample and water at 77°F (25°C) (g) 
g) Two replicate samples are used to measure Gmm. The measured values should meet 
the AASHTO T209 specifications for (for single-operator precision, less than 
0.014) and for standard deviation (for single-operator precision, less than 0.0051).  
The theoretical maximum specific gravity is measured at one asphalt emulsion content of 
3.0% and back-calculated at other contents, assuming a constant effective specific gravity 
of the aggregates (Gse) determined using Equation 5. Earlier research at UNR indicated that 
the Gse of the RAP materials remains constant up to an asphalt emulsion content of 4.0%.  




*Pb represents the percent of asphalt binder in the asphalt emulsion 
3.2.5. Determination of Required Number of Gyrations to Prepare Compacted Sample 
Cylindrical samples are compacted using the SGC. The compacted specimen has a fixed 
diameter of 150 mm, and will compact to a target height of 115±5 mm and target air voids 
of 13±1%. The estimated amount of CIR material required for the specimen is calculated 
using Equation 6: 
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 = <= × 2>4 ? × ℎ × 899 × '1 − 0%) [6] 
Where; 
D: diameter, 150 mm 
h: target height, 115 mm 
AV%: target air voids, 13.0% 
The RAP material is mixed with lime slurry (4.5% or 6.0%), water (1.5%) and asphalt 
emulsion (2.5%, 3.0% and 3.5%) and compacted in the SGC up to 100 gyrations. After 
curing for 24 hours, the bulk specific gravity (Gmb) of the compacted sample is obtained 
using the parafilm method, as per ASTM D1188. The required number of gyrations (Ndesign) 
is the one that achieves the target height (115±5 mm) and the target air voids (13±1%). If 
target air void is not met at the target height, the weight of the CIR mixture is adjusted.  
3.2.6. Determination of Curing Time for Compacted CIR Samples 
The curing temperature was determined from earlier work at UNR, and it is 140°F (60°C). 
The curing time represents the period needed for the compacted sample to reach a constant 
mass. It was determined that a curing time of 24 hours is appropriate.  
3.2.7. Determination of Optimum Emulsion Content (OEC) 
The OEC is obtained using a trial experimental matrix composed of samples mixed with 
lime slurry (4.5% or 6.0%), water (1.5%) and 4 asphalt emulsion contents (2.5%, 3.0%, 
3.5% and 4.0%). Each combination is evaluated at two replicates. The samples have 
constant mass and are compacted at the Ndesign obtained in the previous step. After curing 
for 24 hours, the bulk specific gravity of the compacted sample (Gmb) is obtained using the 
parafilm method. The two replicates should meet the ASTM D1188 specifications for 
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difference (for single-operator precision, less than 0.079) and for standard deviation (for 
single-operator precision, less than 0.028).  
The asphalt emulsion content that best meet the target the air voids (13±1%) and target 
height (115±5 mm) are selected to further evaluation of the mix design performance. 
Finally, the emulsion content that exhibits the best performance properties is identified as 
the OEC.  
3.2.8. Evaluation of Performance Properties 
As indicated on the previous section, the two CIR mixtures that best meet the targets for 
height and air voids are selected for performance evaluation as described on the following 
sections. 
a) Moisture Sensitivity 
The resistance to moisture damage is determined using the tensile strength ratio (TSR) of 
the CIR mixtures, as per AASHTO T283. Samples are tested using a static indirect tensile 
load, in wet and dry conditions. The following process is used for conditioning and testing 
the two selected CIR mixtures for moisture sensitivity: 
a) For each CIR mix; samples are mixed and compacted to the desired air voids 
content. 
b) Compacted samples are divided in two groups of three samples each with 
similar air void content. 
c) One group is conditioned by saturating the samples with water to 70%-80% 
saturation. 
d) Saturated samples are subjected to a freeze-thaw cycle (16 hours at -0.4°F (-
18°C) and 24 hours at 140°F (60°C)). 
e) Wet and dry samples are conditioned to 77°F (25°C) for two hours. 
f) Indirect tensile load is applied to the samples, and the tensile strength is 
calculated for each sample.  
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g) The ratio of the wet tensile strength over the dry tensile strength is calculated 
as the TSR. 
Figure 2 shows the difference of a good bond and a weak bond between the RAP and the 
asphalt emulsion. In the photo on the left, the bond between the RAP and the asphalt 
emulsion was adequate, in the photo on the right, the bond between RAP and the asphalt 
emulsion was weak as shown by the uncoated RAP aggregate.  
 
Figure 2. TSR tested samples with good (left) and weak (right) bond between RAP and 
asphalt emulsion. 
b) Cohesion Strength 
The cohesion test is conducted to identify the time required to allow traffic application on 
the compacted CIR layer based on the cohesion development of the mixture, as per ASTM 
D3910. Time required for traffic opening is the time at which a sample, compacted at OEC 
and Design Number of Gyrations reach a torque of 20 kg-cm using the cohesion testing 




Figure 3. Cohesion testing device with CIR sample. 
c) Raveling Resistance 
The raveling of the CIR mixture is evaluated as per ASTM D7196. The raveling resistance 
of CIR mixtures is determined by simulating the abrasion of the early open traffic, on a 
CIR sample by using the raveling test device, as shown in Figure 4. The percentage of 
raveling is calculated from the mass loss of the specimen after the abrasion. A mass loss 
less than 2.0% is a commonly used maximum limit for assuring a good raveling resistance 
for a CIR mixture. The test is conducted on samples compacted at OEC and Design Number 




Figure 4. Raveling testing devise with CIR sample. 
3.3. Analysis of Experimental Data 
As shown in Table 1, a total of 16 CIR mixtures including; four different types of asphalt 
emulsion, two different lime slurry contents, and two gradations were used for this project. 
The asphalt emulsions used for the CIR mix design include some typical CIR asphalt 
emulsions used by agencies and some engineered emulsions, and for purpose of this project 
are identified as A, B, C, and D. Two lime slurry contents, 4.5% and 6.0% by dry weight 
of RAP, were used. The RAP materials were sampled from a stockpile at the Granite’s 
Lockwood Hot Plant. Two gradations were used; graded RAP following the PCCAS 
medium gradation and non-graded RAP. Figure 5 shows both RAP gradations used for the 




Figure 5. RAP gradations used for the CIR mix design. 
As an example, the CIR mix design procedure is detailed for the asphalt emulsion type C, 
using 4.5% lime slurry and graded RAP, as follows: 
3.3.1. Selection of RAP, Emulsified Asphalt and Lime slurry content 
For this mixture, the PCCAS medium gradation of the RAP was selected, using the type C 
asphalt emulsion and a lime slurry content of 4.5% by weight of RAP. The lime slurry is 
composed of one third part of lime (1.5%) and two thirds of water (3.0%). 
3.3.2. Determination of Theoretical Maximum Specific Gravity (Gmm) 
Two CIR samples were mixed using 2500 grams of graded RAP, 3.0% asphalt emulsion 
type C, 1.5% of additional water, and 4.5% of lime slurry, as described in section 3.2.3. 
The theoretical maximum specific gravities of the mixture were measured on two samples, 





















Sieve Size .45 Power
Non-Graded RAP Graded RAP
PCCAS Medium Gradation Limit PCCAS Coarse Gradation Limit
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T209 precision requirements. The effective specific gravity of the RAP (Gse) was 
calculated, and assumed constant for the other asphalt emulsion contents (2.5%, 3.5% and 
4.0%) to backcalculate the theoretical specific gravity at the other asphalt emulsion 
contents, as described in section 3.2.4.  
Table 4. Theoretical Maximum Specific Gravity Calculation for Asphalt Emulsion Type 
C, 4.5% Lime Slurry and Graded RAP. 
Gmm @ 3.0% Asphalt emulsion  Specification 
Gmm – Sample 1 2.336   
Gmm - Sample 2 2.341   
Average Gmm 2.338   
Difference between two samples 0.005 OK 
Standard Deviation 0.004 OK 
 
3.3.3. Determination of Required Number of Gyrations  
CIR samples were mixed using the defined RAP gradation and lime slurry content (4.5%), 
and using three different asphalt emulsion contents (2.5%, 3.0% and 3.5%). The samples 
were compacted to 100 gyrations and cured for 24 hours at 60˚C. Once the samples were 
cured, air voids were calculated after determining the bulk specific gravity using the 
parafilm method. The air voids content and the height were backcalculated for each 
gyration, using the final height and the air voids content of each sample at 100 gyrations. 
As shown in Figure 6 and Figure 7, the height and the air voids requirements 
(115mm±5mm and 13.0%±1.0%) are fulfilled for this CIR mixture while using 80 




Figure 6. Backcalculation of the height for each gyration for asphalt emulsion type C, 
4.5% lime slurry and graded RAP. 
 
Figure 7. Backcalculation of the air voids for each gyration for asphalt emulsion type C, 










































Sample 1 Sample 2 Sample 3
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3.3.4. Determination of Optimum Emulsion Content (OEC) 
Once the number of gyrations is defined for the mixture, CIR samples are mixed at the four 
selected asphalt emulsion contents (2.5%, 3.0%, 3.5% and 4.0%) and compacted at the 
defined number of gyrations (80). After curing the samples, the heights are measured, and 
the air voids are calculated for each sample. The precision requirements, specified on 
ASTM D1188, for the difference (for single-operator precision, less than 0.079) and 
standard deviation (for single-operator precision, less than 0.028) of the Gmb were fulfilled, 
as shown in Table 5. The determined optimum emulsion content (OEC) for this CIR 
mixture is 2.84% by dry weight of RAP, as shown on Figure 8. 
Table 5. CIR Mixture Determination of the OEC for Asphalt Emulsion Type C, 4.5% 
















0.006 OK 0.004 OK 
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0.003 OK 0.002 OK 
12.9 




0.005 OK 0.003 OK 
11.9 




0.023 OK 0.016 OK 
11.2 





Figure 8. Determination of the OEC for asphalt emulsion type C, 4.5% lime slurry and 
graded RAP. 
3.3.5. CIR Mix Design Results 
CIR mix designs using the SGC approach were performed for all 16 CIR mixtures, with 
variations in the asphalt emulsion type, gradation and lime slurry content. Four types of 
asphalt emulsions, two RAP gradations and two lime slurry contents were used, as 
summarized in Table 6. In most of the cases the OEC for the non-graded mixtures is higher 
than the OEC for the graded mixtures. This increase in the OEC can be attributed to the 
coarser gradation of the non-graded RAP (as shown in Figure 5), which require more 
asphalt emulsion to fill the voids. All the mixtures using non-graded RAP required 100 
gyrations to get the required air voids level and heights, while for the mixtures using graded 
RAP the number of gyrations ranged from 60 to 100 gyrations, depending on the asphalt 
emulsion type. The detailed test results for each CIR mix design are presented on Appendix 
7.1.1. 
 















































Graded 13.0 3.4 0.90 100 2.360 2.369 
Non- graded 13.0 3.6 0.89 100 2.371 2.384 
6.0 
Graded 13.0 3.0 0.93 100 2.368 2.368 
Non- graded 13.0 4.0 0.92 100 2.351 2.374 
B  
4.5 
Graded 13.0 3.8 0.92 85 2.342 2.359 
Non- graded 13.0 4.0 0.72 100 2.340 2.362 
6.0 
Graded 13.0 3.1 0.89 70 2.337 2.339 
Non- graded 13.0 3.0 0.90 100 2.355 2.355 
C 
4.5 
Graded 13.0 2.8 0.88 80 2.342 2.338 
Non- graded 13.0 3.3 0.88 100 2.358 2.365 
6.0 
Graded 13.0 2.5 0.79 75 2.359 2.348 
Non- graded 13.0 2.5 0.77 100 2.367 2.356 
D 
4.5 
Graded 13.0 3.0 0.73 60 2.409 2.409 
Non- graded 13.5 3.9 0.88 100 2.367 2.387 
6.0 
Graded 13.0 3.5 0.78 65 2.344 2.355 
Non- graded 13.4 4.0 0.83 100 2.365 2.388 
 
3.4. Evaluation of the CIR Superpave Mixture Design  
The CIR mix design using the SGC is a volumetric that depends on RAP gradation, 
quantity of additives and air voids content of the compacted mix. The mix design method 
does not evaluate the performance of the CIR mat for some distresses that might affect the 
mixture in-place such as moisture sensitivity and raveling. In this research, the evaluation 
of moisture sensitivity, curing time in field and resistance to raveling were included as part 
of the mix design method to assess the CIR mix design resistance to these distresses.   
Following the example presented in section 3.3, the performance evaluation is detailed for 




3.4.1. Moisture Sensitivity 
Moisture-induced damage of the CIR mix design is evaluated using the tensile strength 
ratio. Six CIR samples were mixed and compacted using the mix design obtained 
parameters (2.8% of asphalt emulsion type C, and 80 gyrations in the SGC). Samples were 
grouped into two sets with similar air voids. The conditioned samples were subjected to a 
freeze-thaw cycle, as described in section 3.2.8, and the indirect tensile test was conducted 
on the conditioned and dry samples. TSR was calculated as ratio of the average tensile 
strength of the conditioned over the dry samples. Table 7 summarizes the moisture 
sensitivity data of the CIR mix. The TSR value of the CIR mixture is low (below 70%); 




Table 7. TSR Test Results for Asphalt Emulsion Type C, 4.5% Lime Slurry and Graded 
RAP. 
Sample Condition   Conditioned Samples Dry Samples 
Sample Identification    1 3 5 2 4 6 
Diameter 1   149.8 149.9 149.7 149.7 149.9 149.9 
Diameter 2   149.8 149.9 149.9 149.6 149.8 149.9 
Diameter 3   149.2 149.9 149.8 149.7 149.8 149.8 
Diameter [mm] D 149.6 149.9 149.8 149.7 149.8 149.9 
Thickness 1   91.7 91.6 92.3 92.9 92.1 92.0 
Thickness 2   91.7 91.5 92.4 92.9 92.2 91.9 
Thickness 3   92.3 91.8 92.3 93.1 92.3 91.9 
Thickness [mm] t 91.9 91.6 92.3 92.9 92.2 91.9 
Dry mass in air [g] A 3366.9 3379.0 3383.2 3377.2 3375.9 3380.8 
Dry + Parafilm [g]   3377.9 3390.7 3394.4 3388.5 3386.7 3391.7 
Under water weight (Parafilm) [g]   1761.2 1774.6 1769.2 1747.9 1759.6 1769.6 
Volume of Specimen cm3 E 1604.8 1603.4 1613.1 2.1 1615.4 1610.3 
Bulk SG  Gmb 2.098 2.107 2.097 2.074 2.090 2.100 
Maximum SG Gmm 2.406 2.406 2.406 2.406 2.406 2.406 
% Air voids [100(Gmm-
Gmb)/Gmm] Pa 12.8 12.4 12.8 13.8 13.2 12.8 
Volume of air voids (PaE/100) 
[cm3] Va 205.6 199.2 207.1 0.3 212.5 205.3 
    Saturated   
Thickness [mm] t' 91.8 91.8 92.5 92.9 92.2 91.9 
Dry mass in air [g] A 3366.7 3378.6 3383.0 
  
SSD mass [g] B' 3516.2 3523.0 3528.6 
Volume of absorbed water (B'-A') 
[cm3] J' 149.5 144.4 145.6 
% saturation (100J'/Va) S' 72.7 72.5 70.3 
Load, [lbf]  P 1733.2 1724.9 1908.0 2364.5 2864.5 3020.8 
Dry Tensile Strength [psi] @ 77°F S1   70 85 90 
Wet Tensile Strength [psi] @ 77°F S2 52 52 57   
Visual Moisture Damage (0-5)   2 2 3 0 0 0 
Cracked broken agg.?   yes yes yes yes yes yes 






3.4.2. Cohesion Strength 
The cohesion test was conducted to determine the time required in the field for the CIR 
mixture to cure before allowing traffic. Two CIR samples were mixed at the optimum 
emulsion content of 2.8% by dry weight of RAP and compacted at the design number of 
gyrations to a height of 2.76±0.2 in. Torque was measured at three locations on the surface 
of the CIR sample every 30 minutes, until a torque value of 20 kg-cm was reached. The 
time required to reach the target torque represents the time that takes the CIR mixture to 
cure before allowing traffic. Table 8 summarizes the cohesion test results obtained for the 
CIR mixture with asphalt emulsion type C, using 4.5% Lime slurry and graded RAP. This 
mix design required 5.5 hours curing after compaction to open to traffic.  
Table 8. Cohesion Test Results for Asphalt Emulsion Type C, 4.5% Lime Slurry and 
Graded RAP. 
 Sample 1 Sample 2 
Time (minutes) Torque (kg-cm) Torque (kg-cm) 
240 
Measure 1 15 
17.0 
Measure 1 17 
16.3 Measure 2 19 Measure 2 17 
Measure 3 17 Measure 3 15 
270 
Measure 1 18 
17.0 
Measure 1 20 
17.7 Measure 2 16 Measure 2 16 
Measure 3 17 Measure 3 17 
300 
Measure 1 18 
18.0 
Measure 1 21 
20.0 Measure 2 17 Measure 2 19 
Measure 3 19 Measure 3 20 
330 
Measure 1 22 
21.3 
Measure 1   
 Measure 2 22 Measure 2   
Measure 3 20 Measure 3   





3.4.3. Raveling Resistance 
The raveling test was conducted to determine the resistance of the CIR mixture to raveling 
under traffic. Two CIR samples were mixed at the optimum emulsion content of 2.8% by 
dry weight of RAP and compacted at the designed number of gyrations to a height of 
2.76±0.2 in. After compaction, the CIR samples were cured to the open to traffic time (5.5 
hours) as obtained from the cohesion test in section 3.4.2. The cured samples were 
subjected to abrasion for 15 minutes in the raveling testing device.  The mass loss was 
calculated from the difference of mass before and after abrasion in the raveling testing 
device. The mass loss of this CIR mixture summarized in Table 9 suggests that the CIR 
mixture has good raveling resistance. 
Table 9. Mass Loss Results for Asphalt Emulsion Type C, 4.5% Lime Slurry and Graded 
RAP. 
 Sample 1 Sample 2 
Dry mass before abrasion, g 2624.9 2619.0 
Dry mass abraded, g 2586.0 2597.5 
Mass Loss, % 1.48 0.82 
Average Mass Loss, % 1.15 
 
3.4.4. Performance Evaluation of CIR Mix Designs 
The performance evaluations were conducted for the 16 CIR mix designs presented in 
section 3.3.5, including; moisture sensitivity, cohesion strength and raveling resistance 
tests. Test results for the 16 CIR mix designs are summarized in Table 10.  
Curing times varies from 4.5 to 6.5 hours depending on the CIR mixture. In most cases 
mixtures with 6.0% lime slurry had higher curing times than mixtures with 4.5% lime 
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slurry, except for the CIR mixture using emulsion type B. This behavior might be due to 
the higher presence of moisture in the 6.0% lime slurry mixtures. 
Raveling resistance results varied among mixes. In some cases, as for mixtures using 
asphalt emulsion type B and type C, the raveling resistance was better for the mixtures 
using graded RAP than for the mixtures with non-graded RAP. Meanwhile, mixtures using 
asphalt emulsion type A and type D, the opposite behavior was shown. This discrepancy 
might be due to the higher emulsion content of the mixtures with non-graded RAP 
compared to the mixtures with graded RAP.  
Most of the CIR mix designs have a TSR value above 70% which indicates that those 
mixtures might not show moisture-induced damage. Only three mixtures show TSR values 
lower than 70% and might be prone to moisture-induced damage; the CIR mixtures using 
graded RAP with emulsion type C and the mixture with graded RAP and 4.5% lime slurry 
with emulsion type A. All the CIR mix designs had dry tensile strengths higher than 50 psi. 
The detailed test results for the CIR mix design evaluation of each mix design are 




Table 10. CIR Mix Design Evaluation Summary. 































Graded 3.4 4.5 10.46 1.26 70 44 62 12.9 
Non-
graded 
3.6 4.5 7.01 7.11 57 44 78 12.3 
6.0 
Graded 3.0 5.5 2.51 2.42 60 50 84 12.6 
Non-
graded 
4.0 5.0 7.00 6.41 52 40 77 12.2 
B 
4.5 
Graded 3.8 6.0 0.43 0.68 76 66 87 13.3 
Non-
graded 
4.0 6.0 2.27 0.95 58 50 86 12.9 
6.0 
Graded 3.1 5.5 2.92 2.76 70 63 90 13.6 
Non-
graded 
3.0 5.5 5.17 1.32 57 45 79 13.1 
C 
4.5 
Graded 2.9 5.5 1.15 0.66 82 53 65 13.0 
Non-
graded 
3.3 5.5 7.51 3.86 77 59 76 12.6 
6.0 
Graded 2.5 6.5 0.19 0.19 65 41 63 13.6 
Non-
graded 
2.5 5.5 3.36 3.02 76 60 79 12.8 
D 
4.5 
Graded 3.0 4.5 4.98 0.53 52 37 71 13.2 
Non-
graded 
3.9 4.5 0.81 1.24 61 43 71 12.3 
6.0 
Graded 3.5 5.5 2.23 0.63 55 42 76 12.3 
Non-
graded 





Chapter 4. Measurement of CIR In-place Density during Construction 
4.1. Introduction 
The CIR construction process can be summarized by the following steps: 
1. Cold milling a portion of the existing AC layer  
2. Addition and mixing of additives 
3. Lay down of the CIR mix 
4. Compaction of the CIR layer 
5. Curing of the CIR layer 
6. Application of a wearing surface 
For the past several years the Nevada Department of Transportation (NDOT), the Washoe 
County Community Services Department, and the Washoe Regional Transportation 
Commission (W-RTC) have done an excellent job controlling the CIR construction 
process, except for step 4. In-place compaction has caused some serious problems in the 
CIR construction process and long-term performance of CIR projects in Nevada and 
throughout the U.S. 
In-place compaction on pavement projects is controlled through the measurement of the 
density of the compacted layer and the calculation of the in-place air voids. In the case of 
AC mix, in-place density is measured by using nuclear density gauges calibrated with field 
cores, drilled on the compacted mat. This procedure is commonly used and well defined 
by agencies and AASHTO procedures.  
This same process has some important limitations on CIR projects due to the absence of 
calibrated nuclear density gauges by using core samples because of the inability of cutting 
cores on the CIR layer before the complete curing of the CIR mix (CIR mix require between 
10 and 14 days to fully cure), and the imprecise measurements of the nuclear density gauge 
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due to the high moisture content on the CIR mixture. These limitations have led to the 
construction of CIR projects without an effective methodology and control of the in-place 
compaction, affecting the long-term performance of the pavement structures. Finding a 
practical methodology for in-place density determination during construction can improve 
the long-term pavement performance of CIR projects leading to long-lasting pavement 
structures. 
4.2. In-place Density Measurement Techniques  
This chapter focuses on the implementation of a practical methodology for estimating the 
in-place density of the CIR layer during construction. The selected test methods for 
estimating the in-place density of the CIR layer evaluated in this study were; the Rubber 
Balloon method (ASTM-D2167), the Sand Cone method (ASTM-D1556), and the field 
permeability method. The Rubber Balloon and Sand Cone methods are commonly used to 
determine the unit weight and density of soils. The NCAT Field Permeameter is an in-situ 
testing device to measure the permeability of the AC layer developed by the National 
Center of Asphalt Technology (NCAT). 
4.2.1. Sand Cone Method  
The Sand Cone method is used to determine the in-place density and unit weight of soils 
as per ASTM D1556. The test method uses a sand cone density apparatus which consists 
of a sand container, a sand cone (metal funnel with a valve) and a base plate. Sand used for 
the test method must be clean, dry, with uniform density and grading. Figure 9 illustrates 




Figure 9. Sand Cone apparatus. 
The test method consists of the following steps: 
• Excavating a hole in the layer to be tested (i.e., CIR mat) 
• Saving all the materials from the hole in a container  
• Filling the excavated hole with free-flowing sand of a known density 
• The volume of the excavated hole is calculated from the mass of sand needed to 
completely fill it. 
• The in-place wet density of the CIR mix is calculated as the wet mass of the 
removed material divided by the volume of the hole.  
• Water content of the CIR mix excavated from the hole is determined by drying the 
material until constant weight 
• The dry density of the in-place CIR mix calculated using the wet mass of the 
material, the water content, and the volume of the hole. 
4.2.2. Rubber Balloon Method  
The Rubber Balloon method is used to determine the in-place density and unit weight of 
compacted or firmly bonded soils as per ASTM D2167. The test method uses a rubber 
balloon density apparatus which consists of a calibrated vessel containing water within a 
thin, flexible, elastic membrane (rubber balloon), designed for measuring the volume of 
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the hole and a base plate. Figure 10 illustrates the equipment used for the Rubber Balloon 
test method.  
 
Figure 10. Rubber Balloon apparatus. 
The test method consists of the following steps: 
• Before excavating the hole, the operational pressure (determined during the 
calibration of the equipment) must be applied to the test location (i.e., should be 
reasonably plane and level) to measure the initial volume reading.  
• Excavating a hole in the layer to be tested (i.e., CIR mat) 
• Saving all the materials from the hole in a container  
• The apparatus is placed on the excavated hole and the operational pressure is 
applied is applied to completely fill the hole with the balloon 
• Measuring the final volume reading 
• The total volume of the hole is the difference between the final and the initial 
volume readings 
• The in-place wet density is calculated as the wet mass of the removed material 
divided by the volume of the hole 
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• Water content of the CIR mix excavated from the hole is determined by drying the 
material until constant weight 
• The dry density of the in-place CIR mix is calculated using the wet mass of the 
material, the water content, and the volume of the hole. 
4.2.3. NCAT Field Permeability Method 
The Permeability Method is used to determine the in-situ permeability of an AC mat. The 
test method uses the NCAT Field Permeameter, which consists of up to four tubes segments 
or “tiers” of transparent plastic with different diameter for different permeability 
conditions. Figure 11 illustrates the equipment used for the field permeability method.  
 
Figure 11. NCAT Field Permeameter apparatus. 
The test method consists of the following steps: 
42 
 
• Determining the time water needs to flow through the compacted mat.  
• The sealant is applied to the base of the NCAT Field Permeameter 
• An asphalt area of approximately 1-foot square is brushed to clean any loose stones 
• The Permeameter is fixed to compacted layer surface by applying uniform pressure 
and then placing the 5-pound weights on each corner of the base  
• The Vessel is filled with water at a steady rate 
• Once filled, the rate at which the water level drops in the Permeameter Vessel is 
measured  
• A tier in which the rate is slow enough for an accurate observation but fast enough 
for timely complete the test is selected  
• The starting time and starting height for the falling head is noted, and the test is 
performed until the final time and final height is obtained.  
• The coefficient of permeability is calculated as follows: 




K = coefficient of permeability 
a = inside cross area of the tier used (cm2) 
L = thickness of the asphalt mat (cm) 
A = cross area of test area (area in which water penetrate the pavement) (cm2) 
t = elapsed time between h1 and h2 
h1 = initial head (cm) 
h2 = final head (cm) 
4.3. Experimental Plan 
An experimental plan was developed to evaluate the applicability of the three test methods 
for measuring the in-place density of the CIR layer during construction. Full scale CIR 
slabs were produced in the laboratory to perform the selected test methods. Core samples 
were drilled out of the slabs and used to calculate the actual density of the compacted CIR 
layer and to compare with densities estimated from the selected in-place test methods. In 
total, seven slabs were fabricated and tested using different mix designs with variations in 
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the asphalt emulsion type, lime slurry percent (4.5% and 6.0%) and the in-place density 
testing time after compaction. The process is described by the following steps: 
1. Mixing the RAP with the additives to produce the CIR mix 
2. Compacting the CIR slab 
3. Performing in-place density and permeability testing 
4. Drill core samples from the CIR slab after full curing 
4.3.1. Preparation of the CIR Mix 
The first step was to mix the RAP material with the asphalt emulsion and lime slurry. This 
process was developed using a concrete mixer, as illustrated on Figure 12. The times 
recommended by the mix design were followed; first mix the RAP with the lime slurry 
(4.5% or 6.0%) for 2 minutes, then add more water (1.5%) and mix for 1 minute, and finally 
add the asphalt emulsion (depending on the mix design) and mix for 1 minute.  
  
Figure 12. Laboratory CIR mixture production and compaction using concrete mixer 




4.3.2. Compaction of the CIR Slab 
Once the CIR mix is prepared, the next step was to compact the CIR slab. The CIR mix 
was dumped inside the wooden frame and spread uniformly. A vibratory plate compactor 
was used to densify the CIR slabs, as shown in Figure 12. The slabs wooden frame is a 42 
inch square with 2.5 or 3.5 inch thickness.  
4.3.3. In-place Density and permeability tests 
The next step after compaction was to perform the in-place density and permeability testing 
on the compacted CIR slab. The testing plan is shown in Figure 13, where the small circles 
represent the locations of the Sand Cone and Rubber Balloon tests and the big circles 
represent the locations for the permeability test and the core samples. In-place density 
testing was planned to be performed 16 times per slab, eight Sand Cone tests and eight 
Balloon tests. Also, eight permeability tests were planned to be conducted on each slab. 
Balloon and Sand Cone density tests were conducted at the same locations using the same 
hole to perform both tests, whereas permeability test was planned to be performed on the 
same location of the core samples, since it is not a destructive test and cores can be drilled 




Figure 13. CIR slabs experimental plan. 
The permeability test was difficult to perform on the CIR slabs using the NCAT Field 
Permeameter due to water leaks on the base of the equipment. First attempt, the test was 
conducted following the user manual of the equipment with the recommended weight (20 
lb) to avoid the water leaking, as shown on the left picture of Figure 14. Since this attempt 
was not successful, the test was repeated using a higher weight (120 lb) which lead to the 




Figure 14. Water leaks on the NCAT field permeameter. 
Also, as shown in Figure 15, some of the fines present on the CIR mixture were washed by 
the water while performing the permeability test. Since it was planned to drill the core 
samples at that same location as the permeability test, the core density results would be 
affected. It was decided to abandon the permeability test for determining the in-place 
density of the compacted CIR layer. 
 
Figure 15. Washed fines after performing permeability test. 
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Table 11 presents a summary of the seven slabs tested for in-place density using the Sand 
Cone, Rubber Balloon methods and cut cores. 
Table 11. Slabs Summary. 
Slab Emulsion Slurry Lime (%) Thickness (in) Multi-Day Testing 
1 Type B 6 3.5 Yes 
2 Type B 4.5 3.5 Yes 
3 Type B 4.5 2.5 Yes 
4 Type C 6 2.5 No 
5 Type C 4.5 2.5 No 
6 Type B 4.5 3 No 
7 Type C 4.5 3 No 
 
The in-place density testing for the first three slabs was performed on multiple days 
following compaction. One in-place density measurement of each test method was 
conducted on the slab on multiple days; starting on the compaction day and finishing on 
the 14th day after compaction. The days the tests were performed on the first three slabs 
were; 0, 1st, 2nd, 3rd, 6th, 9th, 12th and 14th after compaction. Table 12 presents an example 











% 0 1 2 3 6 9 12 14 
Wet Density, 
g/cm3 1.935 1.995 1.946 2.015 1.920 2.000 1.985 1.911 1.963 0.040 2.0 
Dry Density, 
g/cm3 1.827 1.913 1.867 1.934 1.874 1.951 1.948 1.873 1.898 0.045 2.4 
Air Voids, % 22.0 18.3 20.3 17.4 20.0 16.7 16.8 20.0 18.9 0.019 10.1 







% 0 1 2 3 6 9 12 14 
Wet Density, 
g/cm3 2.033 1.902 1.931 2.042 1.979 1.982 1.973 1.951 1.974 0.047 2.4 
Dry Density, 
g/cm3 1.921 1.818 1.850 1.959 1.927 1.933 1.933 1.912 1.907 0.048 2.5 
Air Voids, % 17.9 22.3 21.0 16.3 17.7 17.4 17.4 18.3 18.5 0.020 11.0 
Wc, % 5.81 4.59 4.39 4.23 2.68 2.50 2.10 2.01   
 
Since no significant difference between performing the in-place density tests on multiple 
days after compaction, and the focus of this project was to determine the in-place density 
for a CIR field project after compaction, it was decided to perform all the in-place density 
testing one hour after compaction is completed.  
It is important to note the practical limitations for each of the in-place density tests. For the 
Sand Cone test method, the standard (ASTM D1556) states that for a mixture with 
maximum particle size of 1 inch the minimum test hole size is 129.6 in3. With a base plate 
diameter of 6 inch and the depths of the CIR layers ranged between 2.5 and 3.5 inch, the 
volume of the holes varied approximately between 70 in3 and 98 in3 which is lower than 
the minimum requirement.  
The same problem was found for the Balloon test method, in which the standard (ASTM 
D2167) states that for a mixture with maximum particle size of 1 inch the minimum test 
hole size is 129.6 in3. With a base plate diameter of 4 inch and the depths of the CIR layers 
49 
 
ranged between 2.5 and 3.5 inches, the volume of the holes varied approximately between 
31 in3 and 43 in3 which is lower than the minimum requirement.  
To increase the excavated hole volume as much as possible to be able to be closer to the 
specification limits, it was decided to compact the first two slabs to a thickness of 3.5 
inches. However, the thicker slabs and larger excavated hole did not improve the results 
while still below the minimum requirement. Finally, since it was not possible to achieve 
the required minimum volume on a realistic CIR mat thickness, it was decided to perform 
the testing with this limitation. 
4.3.4. Obtaining Coring 
The last step was to drill the core samples from the compacted slabs and determine their 
densities in the laboratory. Once the CIR mixture was fully cured, after 14 days of the slab 
compaction, cores were drilled out of the slabs. The cores were drilled right next to each 
excavated hole where the in-place density tests were performed, as shown in Figure 16. It 
was assumed that, since the cores location was close enough to the in-place density test 




Figure 16. Coring of the CIR slab. 
Since the cores were irregularly shaped, two test methods were performed to obtain their 
bulk specific gravity: Parafilm method (ASTM D1188) and Corelok method (ASTM 
D6752) as shown in Figure 17. All cores were tested following the two standards and the 




Figure 17. Field cores test methods for bulk specific gravity (left: parafilm method, right: 
Corelok method). 
 
Figure 18. Relationship between the obtained air voids from parafilm and Corelok 
methods. 
The trends in the measured data are very similar to the results reported by Zhang et al. in 
2014, as shown in Figure 19. In general terms, the air void content obtained from the 
parafilm method are about one percent higher than the air void content obtained from the 





























Air Voids by Parafilm Method (%)
Parafilm Method versus Corelok Method
CIR Slab Cores Equality Line Linear (CIR Slab Cores)
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Corelok method. This difference might be due to more realistic volume representation from 
the vacuum sealing of the Corelok method, which eliminates some of the air pockets that 
can be produced in the wrapping process of the parafilm method. Without the air pockets, 
the samples would have a smaller volume, which would lead to a lower air void content.  
 
Figure 19. Relationship between the obtained air voids from parafilm and Corelok 
methods obtained by Zhang et al.  
Source: Zhang, Y.; Wang, L.; Diefenderfer, B.; Zhang, W., 2014 
4.4. Analysis of In-place Density Test Results  
The air void content obtained from the cores using the two bulk specific gravity test 
methods were compared with the estimated air void content obtained from the two in-place 
test methods conducted on the CIR slabs. In-place air void content obtained from the Sand 
Cone and Balloon methods were compared with the air void content of the cores cut from 
the close-by location. As an example, Figure 20 shows the comparison between the air void 
content obtained from Balloon and Sand Cone methods and the air void content obtained 
from the cores using the parafilm method for Slab 1. Appendix 7.2.1 include the results for 
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all the slabs, using parafilm and Corelok methods for obtaining the bulk specific gravity of 
the cores. 
 
Figure 20. Slab 1 comparison of estimated air voids vs cores air voids using parafilm. 
Figure 21 and Figure 22 shows the overall summary of the data obtained from the seven 
slabs for the parafilm and Corelok methods, respectively. It can be observed that the 
Corelok method produced air voids closer to the cores than the parafilm method for the 
possible reason discussed earlier. Also, it is interesting to note that the majority of the data 
are above the equality line, which shows that in most of the cases the air void content 
estimated from the in-place test methods is lower than the true air void content obtained 
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Figure 21. Overall slabs comparison of estimated air voids vs cores air voids using 
parafilm. 
 
Figure 22. Overall slabs comparison of estimated air voids vs cores air voids using 
Corelok. 
 
4.5. Statistical analysis 
A statistical analysis was implemented to assist in identifying an appropriate method for 
measuring the in-place density of the compacted CIR layer. An outlier detection method 
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4.5.1. Outlier detection 
Box plot was selected as the outlier detection method for the entire data set. The inter 
quartile range (IQR) was used, which is the difference between the first and the third 
quartile. This method defines as an outlier any data point that is 1.5 times the IQR below 
the first quartile and 1.5 times the IQR above the third quartile. 
Outliers were detected using the difference between the air voids obtained from the cores 
(parafilm and Corelok) and the estimated in-place air voids by the two methods (balloon 
and sand cone). The quartiles were calculated for each of the differences combinations 
(balloon-parafilm, balloon-Corelok, sand cone-parafilm, sand cone-Corelok), and the IQR 
was estimated, as summarized in Table 13. Any data point above and below the range 
determined (1.5 times the IQR below the first quartile and above the third quartile) was 
considered an outlier and removed from the data set. 











Min. value 0 -4.33 -5.77 -3.09 -4.60 
25th 
percentile 
1 0.48 -0.82 1.43 0.51 
50th 
percentile 
2 2.12 0.75 2.59 1.60 
75th 
percentile 
3 4.13 3.36 4.08 3.09 
Max. value 4 8.22 7.18 8.65 7.08 
IQR 3.65 4.17 2.66 2.59 
1.5*IQR 5.48 6.26 3.98 3.88 
1st-1.5*IQR -5.00 -7.08 -2.56 -3.38 




Figure 23 to Figure 26 present the graphical interpretation of the outlier detection method 
used on the data set of each combination. There were no outliers detected for the data sets 
that estimated the air voids using the Balloon method, due to the high variability of the 
method, which led into a higher IQR value. Outliers were detected in both combinations 
that estimated the air voids using the Sand Cone method, due to the lower IQR value of the 
data set. The data set for the Sand Cone method compared with the cores using the parafilm 
method had 3 outliers out of 49 data points. The data set for the Sand Cone method 
compared with the cores using the Corelok method had 4 outliers out of 49 data points. 
 
Figure 23. Difference between the air voids from the cores using parafilm and the 































Figure 24. Difference between the air voids from the cores using Corelok and the 
estimated air voids using the balloon method. 
 
Figure 25. Difference between the air voids from the cores using parafilm and the 


























































Figure 26. Difference between the air voids from the cores using Corelok and the 
estimated air voids using the sand cone method. 
4.5.2. Modeling of the Air Voids Data 
The general trend observed in the data set was that the air voids obtained from the cores, 
regardless of the method used for bulk specific gravity (parafilm or Corelok), were usually 
higher than the air voids estimated by both methods (Sand Cone or Balloon). This general 
trend can be observed in Figure 27 comparing the estimated air voids from Balloon and 
Sand Cone methods with the cores air voids obtained using the parafilm method. Due to 
this reason, it was decided to apply a correction factor to the air void value obtained from 































Figure 27. Estimated air voids (Sand Cone and Balloon methods) vs air voids of the 
cores using parafilm. 
The applied correction factor shifts the equality line of the data set for each combination. 
A linear regression analysis was selected to determine the magnitude of the correction 
factor. The equation for the linear regression represented as: 
 
 = G3 + GF ∗ H (8) 
Since the equality line has a slope of one, then β0=0 and β1=1. The corrected equality line 
would have the same slope value as the equality line (β1=1) and would be described given 
by: 

 = G3 + H 
G3 = 
I − H̅ 
Each combination of test method and core method, for example Sand Cone with parafilm, 
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Estimated vs Cores (Parafilm)
Balloon Sand Cone Equality Line
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voids from the data set obtained in this study, as shown in Figure 28 to Figure 31. Following 
this procedure, the correction factors were determined as: 
• The correction factor for the air voids obtained with the Balloon method when 
compared to the cores air voids using the parafilm method is: 2.38%. 
• The correction factor for the air voids obtained with the Balloon method when 
compared to the cores air voids using the Corelok method is: 1.15%. 
• The correction factor for the air voids obtained with the Sand Cone method when 
compared to the cores air voids using the parafilm method is: 2.83%. 
• The correction factor for the air voids obtained with the Sand Cone method when 
compared to the cores air voids using the parafilm method is: 1.86%. 
 
Figure 28. Corrected equality line for estimated air voids (Balloon method) vs air voids 
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Figure 29. Corrected equality line for estimated air voids (Balloon method) vs air voids 
of the cores using Corelok. 
 
Figure 30. Corrected equality line for estimated air voids (Sand Cone method) vs air 
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Figure 31. Corrected equality line for estimated air voids (Sand Cone method) vs air 
voids of the cores using Corelok. 
Following the correction stage, a statistical analysis was conducted on the data set of each 
combination to determine if the estimated air voids data obtained using Balloon and Sand 
Cone methods are comparable to the obtained air voids from the cores. The selected 
statistical tool used to develop the analysis was the T-test, which is commonly used for 
testing the difference between samples normal distributions within unknown variances. 
The T-test is used to determine the probability of difference within two populations. 
The T-tests were ran using the statistical software R. Since the objective was to determine 
if the estimated air voids data (Balloon and Sand Cone) were comparable to the obtained 
air voids from the cores, the differences between the cores air voids and the estimated air 
voids were calculated for the different combinations. The following four combinations 
were analyzed:  
• Difference between the cores air voids using parafilm and the estimated air voids 



















Air Voids Sand Cone (%)
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Sand Cone Equality Line Corrected 1.86%
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• Difference between the cores air voids using Corelok and the estimated air voids 
calculated using the Balloon method  
• Difference between the cores air voids using parafilm and the estimated air voids 
calculated using the Sand Cone method  
• Difference between the cores air voids using Corelok and the estimated air voids 
calculated using the Sand Cone method  
The null hypothesis was that the difference between the cores air voids (parafilm or 
Corelok) and the corrected estimated air voids (Balloon or Sand Cone) is equal to zero 
(difference = 0). T-test was run for each combination. If the parameter p-value from the 
analysis is lower than 0.05 (p < 0.05), the difference between the cores air voids and the 
estimated air voids is different than zero (difference ≠ 0). If the parameter p-value from the 
analysis is higher than 0.05 (p > 0.05), then there is no significant evidence to prove that 
the difference between the cores air voids and estimated air voids is different than zero 
(difference = 0).  
It is important to note that the difference between the cores air voids and the estimated 
air voids was calculated using the correction factor for the estimated values, as defined 
on Section 4.5.2. The results for each combination from the analysis developed using the 
R software are summarized in Table 14.  











n 49 49 49 49 
t -0.6580 0.0026 -0.6665 -1.0372 




[-1.76 to 0.89] [-0.80 to 0.81] [-0.91 to 0.46] [-1.09 to 0.35] 
Standard 
Deviation 




All the data points, including the outliers (for being able to compare the four combinations 
with the same population size: n=49), were used to develop the analysis to be able to 
compare the four combinations for selecting the most suitable method for estimating the 
in-place density of the CIR layer. As shown in Table 14 for the four combinations, there is 
not significant evidence to prove that the difference between the cores air voids and the 
corrected estimated air voids is different to zero. The 95% confidence interval is given by 
Equation 9. 
 KLM% = H̅ ± 1.96 ∗ P√R 
(9) 
Were “σ” is the standard deviation and “n” is the population. Since the population is fixed 
for the four combinations, the lower the standard deviation and the lower the variability of 
the method would define the best alternative to determine the estimated air voids.  
From the statistical analysis of the data generated in this experiment as summarized in 
Table 14, it was found that the best alternative to estimate the in-place air voids is to use 
the Sand Cone method and compare the results with the cores air voids using the parafilm 
method for measuring bulk specific gravity.  As can be seen the selected alternative has the 
lowest standard deviation of 2.3772. The 95% Confidence Interval of Difference provides 






4.5.3. Recommended Approach 
Based on the statistical analysis of the data generated from the laboratory testing on CIR 
slabs using the Balloon and Sand Cone methods and the measurements of the air voids on 
cores using the parafilm and Corelok methods, the following process is recommended to 
estimate in-place air voids of the compacted CIR layer.  
• Use the approach Sand Cone method to measure the in-place air voids of the 
compacted CIR layer as described at the beginning of this Chapter. 
• Use the 95% Confidence Interval of Difference for the Sand Cone method and the 
cores with parafilm shown by Equations 10 and 11: 
 
 2SSRT = 0%UV W9 − '0%XYZ [\Y + K]) (10) 
 2SSRT = 0%UV W9 − '0%XYZ [\Y + 2.83%) (11) 
−0.91% < 2SSRT < 0.46% 
• Apply above relationship as follows: 
o Use the sand cone method to measure the in-place air voids of the 
compacted CIR layer 
o Add 2.83% to the in-place air voids calculated from the Sand Cone 
measurement to calculate the adjusted in-place air voids   
o There is 95% confidence that the adjusted in-place air voids will be: -0.91 
to +0.46 from the actual in-place air voids measured on cores using the 
parafilm method    
4.6. Field verification 
A field verification of the in-place density methods was conducted on two CIR construction 
projects in Nevada. The in-place density was measured using the Balloon and Sand Cone 
methods at multiple locations on each construction project right after the compaction of the 
CIR layer. After 7 to 10 days, cores were taken next to the area where the in-place densities 
were measured to verify the estimated in-place density.  
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4.6.1. Fernley, NV 
In-place density was measured using the Balloon and the Sand Cone methods on the CIR 
construction project located on US-95 south of Fernley, Nevada, as shown in Figure 32. 
Testing was conducted at two different locations within the project. At each location, three 
tests, separated by 50 feet, were conducted using each method. The density testing (Balloon 
and Sand Cone methods) were conducted after the rolling pattern was completed and the 
full compaction was considered achieved. 
  
Figure 32. Balloon (left) and Sand Cone (right) test methods in-place at Fernley, NV. 
The verification of the 95% Confidence Interval of Difference for each method was 
conducted by comparing the air voids obtained from the Balloon and Sand Cone methods 
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and the air voids obtained from the cores using the parafilm and the Corelok methods, as 
shown in Table 15 and Table 16.  The 95% Confidence Interval of Difference was only 
met for the estimated air voids using the Sand Cone method and the cores using the parafilm 
method. The difference between the average AV% from the cores using parafilm (22.0%) 
and the average AV% from Sand Cone plus the correction factor (19.4%+2.83%) is inside 
the 95% Confidence Interval of Difference. 
Table 15. Verification of the 95% Confidence Interval of Difference for Air Voids 
Estimation Using Balloon Method. 








AV: Balloon (%) 
25.1 
Corrected Avg. 
AV: Balloon (%) 
23.8 
Avg. AV: Cores 
(parafilm) (%) 
22.0 
Avg. AV: Cores 
(parafilm) (%) 
20.0 
Difference (%) -3.1 
No 
Difference (%) -3.8 









Table 16. Verification of the 95% Confidence Interval of Difference for Air Voids 
Estimation using Sand Cone Method. 
Sand Cone - Parafilm Sand Cone - Corelok 
Avg. AV: Sand 
Cone (%) 
19.4 








AV: Sand Cone 
(%) 
21.3 
Avg. AV: Cores 
(parafilm) (%) 
22.0 
Avg. AV: Cores 
(Corelok) (%) 
20.0 
Difference (%) -0.3 
OK 
Difference (%) -1.3 











The data in Table 15 show the air voids estimated by the Balloon method are higher than 
the air voids measured on the cores. This was not the regular trend found on the laboratory 
testing of the CIR slabs. Therefore, applying the correction factor obtained from the CIR 
slabs leads to higher difference from the cores. This difference in the trend might be due to 
the higher variability of the Balloon test method. 
The data in Table 16 show that the 95% Confidence Interval of Difference was met for the 
Sand Cone method using parafilm method on the cores, but it was not met for the Sand 
Cone method using Corelok method on the cores. 
4.6.2. Ely, NV 
In-place densities were measured using the Balloon and the Sand Cone methods on the CIR 
construction project located on US-6 south of Ely, Nevada. The testing program three 
testing locations separated by 50 feet. The density testing (Balloon and Sand Cone 
methods) were conducted after the rolling pattern was completed and the compaction was 
considered achieved. 
Table 17 shows the air voids results from the Balloon method, Sand Cone method and from 
the field cores using parafilm and Core lock to obtain the bulk specific gravity of the 
samples. Opposite from the general trend found in the laboratory experiments for CIR 
slabs, the estimated air voids obtained from the Balloon and Sand Cone methods were 




Table 17. Air Void Results from the Balloon Method, Sand Cone Method and Field 
Cores from Ely, NV 
Avg. AV: Balloon (%) 24.1 
Avg. AV: Sand Cone (%) 19.1 
Avg. AV: Cores (parafilm) (%) 16.5 
Avg. AV: Cores (Corelok) (%) 15.2 
 
This might be due to field consolidation of the CIR layer between the day the estimated 
densities were measured and the day the cores were drilled, about 10 days after. The road 
section where the density was tested was a one lane per direction. It is possible that during 
traffic control and re-opening to traffic, vehicles further compacted the CIR mix at the 
locations of the density measurements. Since the data for US-6 in Ely, Nevada did not 
follow the general trend found in the laboratory CIR slabs experiments, this project was 




Chapter 5. CIR Long-Term Performance 
5.1. Introduction 
CIR has often been selected as the most appropriate rehabilitation treatment for severely 
deteriorated flexible pavements in United States for more than two decades, since CIR can 
fix almost all the pavement distresses. CIR can be applied to mitigate cracking and rutting 
failures, and is an effective method to delay reflective cracking. Previous experiences have 
shown that CIR with an AC overlay may have a performance life of about 10-15 years, 
while CIR with surface treatment may have a performance life of about 6-9 years.  
The Nevada Department of Transportation (NDOT) has constructed over 1500 centerline 
miles of CIR pavements in the last 20 years [13]. In 2001, NDOT developed its own 
standard specification for CIR construction and material usage [14]. NDOT has long been 
using CMS-2s asphalt emulsion for CIR projects, but solvent free asphalt emulsion 
(ReflexTM) and polymer modified asphalt emulsion (Pass-R) have been introduced in some 
CIR projects.  
Depending on the traffic volume of the road NDOT has been constructing two types of 
CIR projects. For high volume roads, typically a 2 - 3 inch CIR layer has been applied, 
followed by the required structural overlay (1.5 - 4 inch) and an 0.75 - 1 inch open grade 
friction course (OGFC) or a surface treatment as the wearing surface. For low volume 
roads, a 2 - 3 inch CIR layer has been commonly applied, followed by a surface treatment 
such as chip seal, double chip seal, or microsurfacing as the wearing course. 
Differences in the long-term performance have been observed on more than 60 CIR 
pavement projects constructed by NDOT throughout Nevada. This part of the research 
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assessed the long-term performance and conducted benefit cost analysis of CIR pavements 
throughout Nevada constructed over the period of 2000-2015. 
5.2. Long-Term Performance of CIR pavements in Nevada 
Long-term performance of CIR pavements throughout Nevada was conducted based on 
condition surveys obtained from NDOT’s Pavement Management System (PMS) 
conducted on 2-years cycle. Previous research conducted at UNR assessed the long-term 
performance of CIR pavements in Nevada for projects constructed during 2000 and 2011, 
including 67 CIR projects [13]. CIR projects were divided into two categories; projects 
with CIR layer and AC overlay, and projects with CIR layer and surface treatment. This 
current study identified a total of 94 CIR pavements in Nevada from NDOT database 
constructed during the period of 2000 - 2015 (59 CIR projects from the previous UNR 
study); 63 CIR pavements with AC overlay, and 31 CIR pavements with surface 
treatments. 
Table 18 summarizes the 29 CIR pavements with AC overlay selected for the long-term 
performance and benefit-cost analysis. Projects with less than 10 years of condition survey 
information, and projects with insufficient cost information were excluded from the 
















13 3013 US095 2001 3 3 CMS-2s 3,343 
14 3025A US093 2000 2 2 CMS-2s 656 
15 3025B US093 2000 2 2.25 CMS-2s 400 
16 3025C US093 2000 2 2 CMS-2s 400 
18 3097 US050 2002 2.5 2.5 CMS-2s 1,123 
19 3099 US095 2002 3 3 CMS-2s 2,600 
20 3116 SR225 2002 3 2.5 CMS-2s 800 
21 3138 SR429 2002 3 2 CMS-2s 1,250 
22 3139 US093 2002 3 2.5 CMS-2s 2,600 
23 3143A US095 2002 3 3 CMS-2s 2,663 
24 3143B US095 2002 3 3 CMS-2s 2,700 
25 3143C US095 2002 2 3 CMS-2s 2,765 
26 3151A SR487 2003 3 1.5 CMS-2s 233 
27 3151B SR488 2003 3 1.5 CMS-2s 350 
28 3165 SR207 2003 3 2.5 CMS-2s 5,600 
29 3191 US050 2003 3 3 CMS-2s 15,875 
30 3198 SR225 2004 3 2 CMS-2s 520 
31 3201 SR163 2004 3 3 CMS-2s 4,300 
32 3220A FRWA48 2004 2.75 2 CMS-2s N/A 
33 3220B SR425 2004 2.75 3 CMS-2s 2,480 
34 3239A SR208 2005 3 2 CMS-2s 3,100 
35 3239B SR209 2005 3 2 CMS-2s 1,334 
36 3250 SR227 2005 3 3 CMS-2s 8,000 
37 3256 US006 2005 3 1.5 CMS-2s 486 
38 3259 SR206 2005 2 2 CMS-2s 1,564 
39 3261 US093 2005 3 3 CMS-2s 2,600 
40 3262 SR318 2005 3 3 CMS-2s 1,413 
41 3278A US093 2005 3 3 CMS-2s 1,968 
42 3278B US093 2005 3 1.5 CMS-2s 500 
 
Table 19 summarizes the 25 CIR pavements with surface treatment selected for the long-
term performance and benefit-cost analysis. Again, projects with insufficient condition 
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survey data were excluded from the analysis.  The 31 identified CIR pavements with 
surface treatment are summarized in Appendix 7.3. 
Table 19. CIR Pavements with Surface Treatment in Nevada. 
No. Contract ID Route 
Award 
Year 
Layer Thickness (in) CIR 
Emulsion 
AADT 
CIR Surface Treatment 
65 3151C SR487 2003 3 Chip seal CMS-2s 150 
68 D0-124-08A SR757 2008 3 Double chip seal Reflex 1,600 
69 D0-124-08B SR447 2008 3 Chip seal Reflex 350 
70 D0-124-08D US050 2008 3 Double chip seal Reflex 550 
71 D2-004-09A SR828 2009 3 N/A CMS-2s 4,880 
72 D2-004-09B SR447 2009 3 N/A CMS-2s 350 
73 D2-004-11R SR447 2011 3 Double chip seal CMS-2s 350 
74 D2-047-10A SR726 2010 2.5 Double chip seal CMS-2s 350 
75 D2-047-10B SR339 2010 2.5 Double chip seal CMS-2s 1,757 
76 D2-047-10C SR447 2011 3 Double chip seal CMS-2s 447 
77 D3-010-05A SR892 2005 1.5 Double chip seal Pass-R 100 
78 D3-010-05B SR892 2005 1.5 Double chip seal Reflex 100 
79 D3-041-10 SR278 2010 3 Double chip seal CMS-2s 439 
82 P197-60-050A SR445 2006 2 Double chip seal Reflex 550 
84 P197-60-050C SR772 2006 2 Double chip seal Reflex 40 
85 P264-03-050A US006 2003 2 Double chip seal CMS-2s 250 
86 P264-03-050B US006 2003 2 Double chip seal CMS-2s 250 
87 P264-03-050C US006 2003 2 Double chip seal Reflex 250 
88 P264-03-050D US006 2003 2 Double chip seal Reflex 250 
89 P264-03-050F US006 2003 2 Double chip seal Reflex 250 
90 P264-03-050H US006 2003 2 Double chip seal CMS-2s 250 
91 P264-03-050I US006 2003 2 Double chip seal CMS-2s 250 
92 P319-05-101 SR168 2005 3 Chip seal CMS-2s 250 
93 P463-07-301A US0006 2007 3 N/A Reflex 250 
94 P463-07-301B SR140 2007 3 Double chip seal Reflex 250 
 
Maintenance treatments were applied on most CIR projects. Table 20 summarizes the 
identified maintenance treatments for the selected CIR projects. On average, the first 
maintenance treatment for CIR pavements with AC overlay was applied close to the 8th 
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year after construction, and the second maintenance treatment was applied around the 11th 
year after construction. For CIR pavements with surface treatment, on average, the first 
maintenance treatment was applied close to the 4th year after construction and the second 
maintenance treatment was applied around the 8th year after construction. The most used 
maintenance treatments were chip seal and flush seal.  








13 2009 Flush seal 2012 Fog seal 
14 2006 Chip seal & flush seal 2011 Chip seal 
15 2007 Chip seal & flush seal   
16 2007 Chip seal & flush seal 2014 
Chip seal & flush 
seal 
18 2008 Flush seal   
19 2010 Flush seal 2014 Chip seal 
20 2010 Chip seal & flush seal   
21 2010 Flush seal   
22 2011 Chip seal & flush seal   
23 2011 Chip seal   
24 2011 Chip seal   
25 2011 Chip seal   
26 2011 Chip seal & flush seal   
27 2011 Chip seal & flush seal   
28 2013 Fog/flush seal   
29 2013 Fog/flush seal   
30 2011 Chip seal 2012 Chip seal 
31 2010 Flush seal   
32 2011 Flush seal   
33 2012 Flush seal   
34 2010 Flush seal   
35 2010 Flush seal   
36     
37 2013 Chip seal & flush seal   
38 2013 Fog/flush seal   










40 2014 Chip seal   
41 2010 Flush seal   
42     
65 2011 Chip seal & flush seal   
68 2013 Fog/flush seal   
69 2008 
Double chip seal & flush 
seal 
  
70     
71 2014 Chip seal   
72 2009 Double chip seal   
73     
74     
75     
76     
77 2005 Chip seal & flush seal   
78 2006 Chip seal & flush seal   
79 2014 Chip seal   
82 2010 Flush seal 2014 Double chip seal 
84 2012 Flush seal   
85     
86     
87     
88     
89     
90     
91     
92 2013 Chip seal & flush seal   
93 2007 Double chip seal 2012 Microsurface 
94 2007 




NDOT has been using the Pavement Rating Index (PRI) as the overall performance 
indicator for monitoring the condition of its road network. PRI has a scale of 0 to 700, and 
is calculated based on the severity and the extent of the identified distresses from the 
condition surveys.  
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In this study, as in the previous research conducted at UNR for long-term performance of 
CIR pavements in Nevada, the Pavement Condition Index (PCI) was selected as the 
indicator of the overall pavement condition. PCI ranges from 0 to 100, with 100 being the 
best possible condition of the pavement and 0 the worst. Pavement condition according to 
PCI range is defined as: 
• PCI values greater than 85 represent pavements in excellent condition 
• PCI values ranging between 85-70 represent pavements in very good condition 
• PCI values ranging between 69-55 represent pavements in good condition 
• PCI values ranging between 54-40 represent pavements in fair condition 
• PCI values lower than 40 represent pavements in poor condition 
PCI calculation also include severity and extent of each pavement distress, but since NDOT 
and PCI distress formats are different (i.e., level of severity and extent), the distress format 
from NDOT condition survey database was converted into PCI distress format so that the 
PCI values could be calculated according to ASTM D6433. Table 21 summarizes the 
overall conversion process from PRI distress format to PCI distress format implemented in 




Table 21. Conversion of PRI Distress Format to PCI Distress Format. 
Distress 
Type 
NDOT PRI System PCI ASTM System 
Conversion for NDOT distress parameters 
(level of severity and extent) into PCI 
format 
Type Severity Extent Severity level Extent 
Severity level 
Extent 









































































































































Patching N/A N/A Area low med high area low severity 
patching 
area 
*N/A denotes there is no extent or severity or type for distresses. 
Source: Piratheepan, M.; Sebaaly, P.; Hajj, E.; Selvaratnam, S., 2014 
The previous UNR study calculated the PCI values, as per ASTM D6433, for the identified 
CIR projects using NDOT condition survey database. The PCI was determined for each 
CIR project using condition survey data from 2000 to 2011. In this study the PCI values 
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were calculated for the CIR projects identified in the previous UNR study, and for the new 
identified CIR projects using NDOT condition survey data up to 2015. 
Table 23 and Table 24 summarize the determined PCI values of the selected CIR 
pavements with AC overlay and with surface treatment used for the long-term performance 
and benefit cost analysis, respectively. PCI values of all the identified CIR projects in 
Nevada are summarized in Appendix 7.3.  
The PCI data calculated from NDOT condition surveys were used to develop performance 
prediction models using polynomial regression, as shown in Figure 33 and Figure 34 for 
CIR pavements with AC overlay and CIR pavements with surface treatment, respectively. 
Table 22 summarizes the conditions used to develop the PCI prediction models. The PCI 
prediction models for CIR with overlay (Equation 12) and CIR with surface treatment 




Table 22. PCI Prediction Models Conditions 




















KL = 0.0008 ∗ 0_ −0.0365 ∗ 0_ +0.6524 ∗ 0_a −5.6302 ∗ 0_# +24.15 ∗ 0_> −47.304 ∗ 0_ + 127.88  
Equation 
12  
2.0 - 3.0 1.5 - 3.0 
233 -
15,875 
32 57 11 




















KL = −0.0031 ∗0_ + 0.12 ∗ 0_ −1.7976 ∗ 0_a +13.091 ∗ 0_# −47.225 ∗ 0_> +75.522 ∗ 0_ + 51.807  
 Equation
13 
1.5 - 3.0 - 
40 - 
4,880 
88 8 4 
 
Using the prediction models, PCI was estimated up to the 15th year for the CIR pavements 
with AC overlay with less than 15 years and until the 12th year for the CIR pavements with 
surface treatment with less than 12 years. The estimated PCI values are shown in red and 
underlined in Table 23 and Table 24. The predicted values were adjusted using a correction 
factor for each project, calculated as the difference between the last measured PCI value 































































































































13 3013 2001 94 100  100  100  95  94  94   94 93 98 
14 3025A 2000 92 100  100  95  96  87      81 86 
15 3025B 2000 89 100  97  97  100  86      83 85 
16 3025C 2000 81 100  96  88  100  80   81   80 92 
18 3097 2002 91 100  100  100  100  99    99 100 94 99 
19 3099 2002 92 100  100  100  100  96    96 100 94 99 
20 3116 2002 85 100  100  98  96  90    97 95 89 94 
21 3138 2002 72 100  100  98  97  100    100 100 94 99 
22 3139 2002 96 100  100  100  100  100    100 90 84 89 
23 3143A 2002 85 100  100  100  100  100    100 85 79 84 
24 3143B 2002 89 100  100  100  99  98    100 71 65 70 
25 3143C 2002 83 100  100  100  100  100    100 72 66 71 
26 3151A 2003 95 100  97  100  99  98   100 97 91 85 90 
27 3151B 2003 97 100  86  100  100  100   100 100 94 88 93 
28 3165 2003 85 100  100  100  91  89   98 95 89 83 88 
29 3191 2003 48 100  100  100  100  92   100 92 86 80 85 
30 3198 2004 81 100  100  91  99  63  73 99 96 90 84 89 
31 3201 2004 61 100  100  99  99    100 99 96 90 84 89 
32 3220A 2004 44 100  100  100  89    100 100 97 91 85 90 
33 3220B 2004 44 100  100  100  89    89 100 97 91 85 90 
34 3239A 2005 51 100  100  100  99   99 100 100 98 92 86 91 
35 3239B 2005 62 100  100  100  99   100 98 99 96 90 84 89 
36 3250 2005 73 100  100  99  100   100 97 98 95 89 83 88 
37 3256 2005 90 100  98  95  91   91 99 100 97 91 85 90 
38 3259 2005 87 100  100  100  100   100 100 100 98 92 86 91 
39 3261 2005 66 100  100  100  100   100 98 99 96 90 84 89 
40 3262 2005 93 100  100  100  90   90 99 100 97 91 85 90 
41 3278A 2005 88 100  100  100  100   100 98 99 96 90 84 89 
42 3278B 2005 85 100  100  98  95   95 90 91 88 82 76 81 
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65 3151C 2003 95 100   100   95   95   95     100 91 
68 D0-124-08A 2008 91 100   64       64 99 97 96 96 97 84 
69 D0-124-08B 2008 84 100   98       98 92 90 89 89 90 77 
70 D0-124-08D 2008 81 100   91       90 91 89 88 88 89 76 
71 D2-004-09A 2009 100 100   92     92 86 87 85 84 84 85 72 
72 D2-004-09B 2009 84 100   91     91 90 91 89 88 88 89 76 
73 D2-004-11R 2011 84 100     84 97 99 100 100 100 100 100 100 88 
74 D2-047-10A 2010  100 100     100 92 95 96 94 93 93 94 81 
75 D2-047-10B 2010 72 100 100     100 76 79 80 78 77 77 78 65 
76 D2-047-10C 2010 91 100 81     81 84 87 88 86 85 85 86 73 
77 D3-010-05A 2005 80 100   100   98   94     88 91 92 79 
78 D3-010-05B 2005 95 100   94   90   87     95 93 94 81 
79 D3-041-10 2010 74 100 85     85 74 77 78 76 75 75 76 63 
82 P197-60-050A 2006 66 100   100   94   95   96 100 100 100 88 
84 P197-60-050C 2006 92 100   100   93   80   80 84 84 85 72 
85 P264-03-050A 2003 92 100   89   92   73   89     91 73 
86 P264-03-050B 2003 93 100   95   92   92   97     97 74 
87 P264-03-050C 2003 89 100   100   91             99 74 
88 P264-03-050D 2003 86 100   93   95   98   99     94 74 
89 P264-03-050F 2003 92 100   100   100   98   89     83 75 
90 P264-03-050H 2003 98 100   91   93   81   91     91 69 
91 P264-03-050I 2003 98 100   95   96   88   91     88 73 
92 P319-05-101 2005 79 100   99   92   90     90 93 94 81 
93 P463-07-301A 2007 82 100   98   93     94 90 89 89 90 77 
94 P463-07-301C 2007 55 100   99   89     88 86 85 85 86 73 
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PCI data shown in Figure 33 and Figure 34 indicate that most of the projects are in 
excellent or very good condition, until the age of 15 years for CIR pavements with AC 
overlay and 12 years for and CIR pavements with surface treatment. 
 
Figure 33. Polynomial regression analysis for CIR pavements with overlay. 
 
Figure 34. Polynomial regression analysis for CIR pavements with surface treatment. 
 














All Data Average Poly. (Average)













CIR with Surface Treatment
All Data Average PCI Poly. (Average PCI)
83 
 
5.3. Benefit Cost Analysis 
A benefit cost analysis was used to determine the relative cost-effectiveness of the different 
CIR projects throughout Nevada and identify key factors that led to more effective 
treatments. The benefit cost ratio is defined as the ratio of the benefit divided by the cost 
of the project. In this study, the cost of the project was defined as the initial construction 
cost of the CIR application, the cost of overlay or surface treatment application, and the 
cost of any maintenance treatment applied during the analysis period. Present worth of 
cumulative cost at the year of construction was calculated and used for the benefit cost 
analysis.  
CIR application and overlay or surface treatment application costs were determined using 
bid information of each project obtained from NDOT. As an example, Table 25 
summarizes the cost of the CIR application and the cost of the AC overlay application for 
contract 3013. These costs were divided by the number of lanes and the number of miles 
of each project to determine cost per lane mile. In this example, project 3013 had two lanes 
and 19.602 miles, so the CIR cost per lane mile was calculated as follows: 




Table 25. CIR Pavements with Overlay Cost for Contract 3013 at Construction Year. 






Amount Cost ($) 
CIR 
Cold Milling sqm 4 5700 22,800 
Lime mton 125 814 101,750 
Recycled Bituminous Surface (75mm depth) sqm 2 305100 610,200 
Emulsified Asphalt, Type CMS-2s mton 250 814 203,500 
Total 938,250 
Overlay 
Plantmix Bituminous Surface Aggregate (Type 2) mton 22 59050 1,299,100 
Milled Rumble Strips km 225 63 14,175 
Emulsified Asphalt, Type CMS-2s (Diluted) mton 250 138 34,500 
Emulsified Asphalt, Type SS-1H mton 240 317 76,080 
Plantmix Bituminous Open-Graded Surface 
Aggregate (9.5mm) mton 
28 13960 390,880 
Total 1,814,735 
 
Since the available bid information of each project included only the initial construction 
costs, maintenance treatment costs were calculated as the average cost of the treatment, 
using bid information of several projects using that specific treatment. Once the cost per 
lane mile of the CIR, AC overlay, surface treatment, and maintenance treatments were 
determined, present worth at the year of construction was calculated for each project, as 
summarized in Table 26 and Table 27 for CIR with overlay and CIR with surface 
treatment, respectively. Average cost of CIR and surface treatment was assumed for 
projects without bid information as shown in red and underlined in Table 27.The costs for 
CIR, AC overlay, surface treatment, and maintenance treatment for all identified CIR 


















1 Cost ($/lane 
mile) 
Maintenance 






13 3013 23,933 46,290 1,360 1,486 72,369 
14 3025A 
17,041 28,016 
11,435 11,813 63,168 
15 3025B 11,778  54,634 
16 3025C 11,778 14,485 64,210 
18 3097 22,070 67,042 1,321  90,218 
19 3099 26,788 73,222 1,401 12,909 110,169 
20 3116 24,587 63,190 12,870  97,937 
21 3138 27,783 75,816 1,401  104,705 
22 3139 15,787 41,892 13,256  67,839 
23 3143A 
27,056 75,881 
11,813  111,991 
24 3143B 11,813  111,991 
25 3143C 11,813  111,991 
26 3151A 
20,139 31,308 
13,256  61,912 
27 3151B 13,256  61,912 
28 3165 25,333 101,627 1,531  128,099 
29 3191 63,548 86,451 1,531  151,138 
30 3198 14,415 31,677 11,813 12,168 65,302 
31 3201 36,441 112,545 1,401  150,159 
32 3220A 
37,862 66,730 
1,443  105,765 
33 3220B 1,486  105,765 
34 3239A 
45,568 280,105 
1,401  326,882 
35 3239B 1,401  326,882 
36 3250 33,875 128,815   162,690 
37 3256 19,395 29,233 14,063  59,730 
38 3259 46,503 77,806 1,531  125,517 
39 3261 19,879 69,120 12,533  98,604 
40 3262 22,579 95,945 12,533  128,128 
41 3278A 
32,911 106,220 
1,401  140,340 






Table 27. Cost Per Lane Mile of CIR Pavements with Surface Treatment and Present 
Worth at Construction Year. 





















65 3151C 157,815 1,424 13,256  169,704 
68 D0-124-08A 
116,107 8,632 
1,530  60,448 
69 D0-124-08B 22,126  60,448 
70 D0-124-08D   126,060 
71 D2-004-09A 
86,155 8,970 
12,908  146,867 
72 D2-004-09B 21,430  124,740 
73 D2-004-11R 33,222* 22,735*   55,957 
74 D2-047-10A 
36,151 35,354 
  71,505 
75 D2-047-10B   71,505 
76 D2-047-10C   71,505 
77 D3-010-05A 
16,611* 19,040* 
11,101  46,753 
78 D3-010-05B 11,434  46,753 
79 D3-041-10 37,316 35,710 12,908  84,496 
82 P197-60-050A 
22,148* 19,612* 
1,400 24,843 62,616 
84 P197-60-050C 1,486  43,004 
85 P264-03-050A 
22,148* 17,947* 
  40,095 
86 P264-03-050B   40,095 
87 P264-03-050C   40,095 
88 P264-03-050D   40,095 
89 P264-03-050F   40,095 
90 P264-03-050H   40,095 
91 P264-03-050I   40,095 
92 P319-05-101 33,222* 9,893* 14,063  54,217 
93 P463-07-301A 
33,222* 20,200* 
20,200 25,451 95,577 
94 P463-07-301B 21,482  74,904 
*Estimated cost based on average due to unavailable bid information. 
 
The benefit is defined as the area under the performance curve of the pavement during the 
analysis period. The benefit was calculated using areas of triangles and rectangles under 
the PCI curves. Figure 35 shows a sample of the PCI curve for contract 3013 over an 
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analysis period of 15 years. PCI curves of all identified CIR projects throughout Nevada 
are summarized in Appendix 7.3.2.  
 
Figure 35. Benefit calculation for contract 3013 using area under PCI curve. 
The total area under the PCI was subdivided into triangles and rectangles and the overall 
benefit was calculated as follows: 
1RS	#3F# = [100 ∗ 4] + i'100 − 95) ∗ 22 + 95 ∗ 2j + i
'95 − 94) ∗ 2
2 + 94 ∗ 2j
+ [94 ∗ 5] + i'94 − 93) ∗ 12 + 93 ∗ 1j + i
'98 − 93) ∗ 1
2 + 93 ∗ 1j 
1RS	#3F# = 400 + 195 + 189 + 470 + 93.5 + 95.5 = 1443 
Table 28 summarizes the benefit cost ratios of the CIR pavements with AC overlay selected 
for this study over analysis period of 15 years. Some factors that may influence the benefit 
cost ratio were identified as; CIR thickness, AC overlay thickness, asphalt emulsion type, 
and average annual daily traffic (AADT).  
100 100 100





















Table 28. Benefit Cost Analysis for CIR pavements with AC Overlay Projects over 15 

























3013 72,369 1443 1.99 3 3 CMS-2s 3,343 
3025A 63,167 1357 2.15 2 2 CMS-2s 656 
3025B 54,633 1365 2.50 2 2.25 CMS-2s 400 
3025C 64,210 1317 2.05 2 2 CMS-2s 400 
3097 90,218 1488 1.65 2.5 2.5 CMS-2s 1,123 
3099 110,168 1472 1.34 3 3 CMS-2s 2,600 
3116 97,936 1432 1.46 3 2.5 CMS-2s 800 
3138 104,705 1484 1.42 3 2 CMS-2s 1,250 
3139 67,838 1469 2.17 3 2.5 CMS-2s 2,600 
3143A 111,991 1456 1.30 3 3 CMS-2s 2,663 
3143B 111,991 1413 1.26 3 3 CMS-2s 2,700 
3143C 111,991 1424 1.27 2 3 CMS-2s 2,765 
3151A 61,911 1455 2.35 3 1.5 CMS-2s 233 
3151B 61,911 1451 2.34 3 1.5 CMS-2s 350 
3165 128,098 1412 1.10 3 2.5 CMS-2s 5,600 
3191 151,138 1431 0.95 3 3 CMS-2s 15,875 
3198 65,302 1329 2.04 3 2 CMS-2s 520 
3201 150,159 1459 0.97 3 3 CMS-2s 4,300 
3220A 105,764 1435 1.36 2.75 2 CMS-2s  
3220B 105,764 1408 1.33 2.75 3 CMS-2s 2,480 
3239A 326,881 1418 0.43 3 2 CMS-2s 3,100 
3239B 326,881 1459 0.45 3 2 CMS-2s 1,334 
3250 162,690 1454 0.89 3 3 CMS-2s 8,000 
3256 59,730 1413 2.37 3 1.5 CMS-2s 486 
3259 125,517 1472 1.17 2 2 CMS-2s 1,564 
3261 98,603 1462 1.48 3 3 CMS-2s 2,600 
3262 128,128 1422 1.11 3 3 CMS-2s 1,413 
3278A 140,339 1462 1.04 3 3 CMS-2s 1,968 
3278B 139,131 1391 1.00 3 1.5 CMS-2s 500 
 
Figure 36 shows the benefit cost comparison of the selected CIR pavements with AC 
overlay over analysis period of 15 years. Benefit costs were divided into three levels; low 
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for benefit cost ratio less than 1%, medium for benefit cost ratio between 1 and 2%, and 
high for benefit cost ratio higher than 2%. From the estimated benefit cost data, 28% of the 
projects had a high benefit cost ratio, 52% of the projects had medium benefit cost ratio, 
and 21% of the projects had low benefit cost ratio.  
 
Figure 36. Benefit cost analysis for CIR pavements with AC overlay over 15 years 
analysis period. 
Projects with lower AADT tend to have higher benefit cost ratio. The average AADT of 
CIR with overlay projects with high benefit cost ratio was 706 vehicles, while for projects 
with medium benefit cost ratio the average AADT was 2348 vehicles, and for projects with 
low benefit cost ratio the average AADT was 5518 vehicles. On average, the CIR thickness 
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of projects with high benefit cost ratio was 2.6 inch, while for medium benefit cost ratio 
the average CIR thickness was 2.8 inch, and for low benefit cost ratio the average CIR 
thickness was 3.0 inch. The inverse relationship between benefit cost ratio and thickness 
of CIR and AC overlay is caused by the inter-dependency between traffic level and layers 
thickness. The data indicate that the influence of traffic on the benefit cost is highly 
significant and could not be balanced by the recommended thickness of the CIR and AC 
overlay. This may indicate that the structural design method used for CIR pavements does 
not properly take into consideration the traffic level. Since the asphalt emulsion used for 
all the CIR pavements with AC overlay was CMS-2s, the impact of asphalt emulsion type 
on the benefit cost could not be investigated. 
The same analysis was conducted for the CIR pavements with surface treatment.  Table 29 
summarizes the benefit cost ratios of the CIR pavements with surface treatment over 
analysis period of 8 years. Some factors that may influence the benefit cost ratio were 
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3151C 169,704 775 0.46 3 CMS-2s 150 
D0-124-08A 126,061 600 0.48 3 Reflex 1,600 
D0-124-08B 146,867 776 0.53 3 Reflex 350 
D0-124-08D 124,740 734 0.59 3 Reflex 550 
D2-004-09A 106,261 730 0.69 3 CMS-2s 4,880 
D2-004-09B 116,556 735 0.63 3 CMS-2s 350 
D2-004-11R 55,958 764 1.37 3 CMS-2s 350 
D2-047-10A 71,505 780 1.09 2.5 CMS-2s 350 
D2-047-10B 71,505 724 1.01 2.5 CMS-2s 1,757 
D2-047-10C 71,505 676 0.95 3 CMS-2s 447 
D3-010-05A 46,754 774 1.66 1.5 Pass-R 100 
D3-010-05B 46,754 734 1.57 1.5 Reflex 100 
D3-041-10 84,496 657 0.78 3 CMS-2s 439 
P197-60-050A 62,617 774 1.24 2 Reflex 550 
P197-60-050C 43,005 726 1.69 2 Reflex 40 
P264-03-050A 40,096 697 1.74 2 CMS-2s 250 
P264-03-050B 40,096 755 1.88 2 CMS-2s 250 
P264-03-050C 40,096 764 1.91 2 Reflex 250 
P264-03-050D 40,096 771 1.92 2 Reflex 250 
P264-03-050F 40,096 785 1.96 2 Reflex 250 
P264-03-050H 40,096 721 1.80 2 CMS-2s 250 
P264-03-050I 40,096 749 1.87 2 CMS-2s 250 
P319-05-101 54,217 752 1.39 3 CMS-2s 250 
P463-07-301A 95,578 762 0.80 3 Reflex 250 
P463-07-301B 74,905 740 0.99 3 Reflex 250 
  
Figure 37 shows the benefit cost comparison of the selected CIR pavements with surface 
treatment over analysis period of 8 years. Benefit cost ratios were divided into three levels; 
low for benefit cost ratio less than 0.75%, medium for benefit cost ratio between 0.75 and 
1.5%, and high for benefit cost ratio higher than 1.5%. From the estimated benefit cost 
data, 40% of the projects had a high benefit cost ratio, 36% of the projects had medium 




Figure 37. Benefit cost analysis for CIR pavements with surface treatment at 8 years 
after construction. 
As in the case of CIR pavements with AC overlay, CIR pavements with surface treatment 
with lower AADT tend to have higher benefit cost ratio. The average AADT of CIR 
pavements with surface treatment with high benefit cost ratio was 199 vehicles, while for 
projects with medium benefit cost ratio the average AADT was 516 vehicles, and for 
projects with low benefit cost ratio the average AADT was 1313 vehicles. On average, the 
CIR thickness of projects with high benefit cost ratio was 2.0 inch, while for medium and 
low benefit cost ratio the average CIR thickness was 3.0 inch. The type of asphalt emulsion 
used did not have a considerable impact on the benefit cost ratio. The data indicate that the 
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influence of traffic on the benefit cost is highly significant and could not be balanced by 




Chapter 6. Findings, Conclusions, and Recommendations 
6.1. Findings and Conclusions 
This research focused on three topics related to CIR production and performance; CIR mix 
design using SGC, CIR in-place density determination, and long-term performance and 
cost effectiveness of CIR pavements in Nevada. Based on the analysis performed for each 
topic, the following general conclusions can be drawn: 
6.1.1. CIR Mix Design 
• Non-graded CIR mixtures tend to have a higher OEC than graded CIR mixtures. 
The increase in the OEC can be attributed to the coarser gradation of the non-graded 
RAP, which require more asphalt emulsion to fill the voids. 
• All mixtures using non-graded RAP required 100 gyrations to get to the required 
air voids content and heights. Mixtures using graded RAP required between 60 and 
100 gyrations to get to the required air voids content and height, depending on the 
asphalt emulsion type.  
• Curing times of the evaluated CIR mixtures varies between 4.5 and 6.5 hours. In 
most cases mixtures with 6.0% lime slurry required longer curing times than 
mixtures with 4.5% lime slurry, due to the higher presence of moisture in the 6.0% 
lime slurry mixtures. 
• Raveling resistance results varied among CIR mixes. In some cases, as for mixtures 
using asphalt emulsion type B and type C, the raveling resistance was better for the 
mixtures using graded RAP than for the mixtures with non-graded RAP. 
Meanwhile, mixtures using asphalt emulsion type A and type D, the opposite 
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behavior was shown. This discrepancy might be due to the higher emulsion content 
of the mixtures with non-graded RAP compared to the mixtures with graded RAP.  
• Most of the CIR mix designs have a TSR value above 70% which indicates that 
those mixtures might not show moisture-induced damage. Only three mixtures 
show TSR values lower than 70% and might be prone to moisture-induced damage. 
All the CIR mix designs had dry tensile strengths higher than 50 psi. 
6.1.2. CIR In-Place Density 
• The permeability test was difficult to perform on the CIR slabs using the NCAT 
Field Permeameter due to water leaks on the base of the equipment. Also, by using 
the permeability test on the CIR mat, some of the fines were washed by the water 
while performing the permeability test. 
• No significant difference was found on the estimated air voids content between 
performing the in-place density tests on multiple days after compaction, for either 
the sand cone method or the balloon method. 
• Due to CIR thickness limitations, the in-place density measurements were 
conducted on smaller volumes than the requirements of minimum volume by the 
sand cone and balloon test standards.  
• In general terms, the air voids contents obtained from the parafilm method are about 
one percent higher than the air voids contents obtained from the Corelok method. 
This difference might be due to the more realistic volume representation from the 
vacuum sealing of the Corelok method. 
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• In most cases, air voids content estimated from the in-place test methods is lower 
than the true air voids content obtained from the cores. A correction factor was 
applied to the air voids content obtained from the estimation method to fit the air 
voids content obtained from the cores.  
• The best alternative to estimate the in-place air voids is the Sand Cone method 
coupled with the parafilm method for measuring bulk specific gravity of cores. 
• Based on field verification of the test methods, the 95% Confidence Interval of 
Difference was only met for the estimated air voids using the Sand Cone method 
coupled with the parafilm method for measuring the bulk specific gravity of the 
cores. 
• The air voids estimated by the Balloon method on the field verification project were 
higher than the air voids measured on the cores. This was not the regular trend 
found with the laboratory testing of the CIR slabs, and might be due to the higher 
variability of the Balloon test method. 
6.1.3. CIR Long-Term Performance 
• A total of 94 CIR pavements constructed during the period of 2000 - 2015 were 
identified throughout Nevada. A total of 63 of the identified pavements were CIR 
pavements with an AC overlays and 31 were CIR pavements with surface 
treatments.  
• For CIR pavements with AC overlay, typically the first maintenance treatment was 
applied around the 8th year after construction, and the second maintenance 
treatment was applied around the 11th year after construction. For CIR pavements 
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with surface treatment, typically the first maintenance treatment was applied close 
to the 4th year after construction and the second maintenance treatment was applied 
around the 8th year after construction.  
• PCI data, calculated from NDOT’s PMS database, indicated that most of the 
projects are in excellent or in very good condition, until the age of 15 years for CIR 
pavements with AC overlay and 12 years for CIR pavements with surface 
treatment.  
• Projects with lower AADT and lower CIR thickness tend to have higher benefit-
cost ratio.  
• The inverse relationship between benefit-cost ratio and thickness of CIR and AC 
overlay is caused by the inter-dependency between traffic level and layers 
thickness. The data indicate that the influence of traffic on the benefit cost is highly 
significant and could not be balanced by the recommended thickness of the CIR 
and AC overlay. This may indicate that the structural design method used for CIR 
pavements does not properly take into consideration the traffic level. 
• The type of asphalt emulsions used in the CIR did not have a significant impact on 
the benefit cost ratio of the analyzed projects. 
6.2. Recommendations 
Based on the findings from this research study, the following recommendations can be 
made concerning the CIR mix design parameters, CIR in-place density determination, and 




6.2.1. CIR Mix Design 
• For CIR mixtures using non-graded RAP, 100 gyrations can be selected as the 
number of gyrations for the CIR mix design using the SGC. 
• For CIR mixtures using graded RAP, 75 gyrations can be selected as the number of 
gyrations for the CIR mix design using the SGC. 
• Mixtures with 6.0% lime slurry had higher curing times, and there was not a 
noticeable increase in the performance (moisture sensitivity and raveling) by using 
6.0 over 4.5% lime slurry. It is recommended to use 4.5% lime slurry rather than 
6.0%. 
6.2.2. CIR In-Place Density 
• Permeability testing is not a recommended method to determine the in-place density 
for CIR materials. 
• In-place density testing can be performed one hour after compaction, without 
compromising the test results. 
• Field verification can be affected by traffic densification of the CIR layer during 
the time lapse between the day CIR mat is compacted and the day field core 
specimens are obtained (about 7 to 10 days). If possible, field verification should 







6.2.3. CIR Long-Term Performance 
• CIR pavements with AC overlay should be used on high and medium traffic volume 
roads in Nevada, while CIR pavements with surface treatments should be used on 
low traffic volume roads. 
• CIR and AC overlay thicknesses were found critical factors for the long-term 
performance of CIR pavements. As demonstrated by the benefit-cost analysis, the 
influence of traffic on the benefit-cost could not be balanced by the recommended 
thickness of the CIR and AC overlay. The used structural design method should 
properly take into consideration the traffic level to establish the appropriate 
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Chapter 7. Appendix 
7.1. CIR Mixture Design 
7.1.1. CIR Mix Design 
 
Figure 38. Backcalculation of the height for each gyration for asphalt emulsion type A, 
4.5% lime slurry and graded RAP. 
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Figure 40. Backcalculation of the height for each gyration for asphalt emulsion type A, 
4.5% lime slurry and non-graded RAP. 
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Figure 42. Backcalculation of the height for each gyration for asphalt emulsion type A, 
6.0% lime slurry and graded RAP. 
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Figure 44. Backcalculation of the height for each gyration for asphalt emulsion type A, 
6.0% lime slurry and non-graded RAP. 
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Figure 46. Backcalculation of the height for each gyration for asphalt emulsion type B, 
4.5% lime slurry and graded RAP. 
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Figure 48. Backcalculation of the height for each gyration for asphalt emulsion type B, 
4.5% lime slurry and non-graded RAP. 
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Figure 50. Backcalculation of the height for each gyration for asphalt emulsion type B, 
6.0 % lime slurry and graded RAP. 
 




















Sample 5 Sample 6 Sample 4




















Figure 52. Backcalculation of the height for each gyration for asphalt emulsion type B, 
6.0 % lime slurry and non-graded RAP. 
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Figure 54. Backcalculation of the height for each gyration for asphalt emulsion type C, 
4.5% lime slurry and non-graded RAP. 
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Figure 56. Backcalculation of the height for each gyration for asphalt emulsion type C, 
6.0% lime slurry and graded RAP. 
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Figure 58. Backcalculation of the height for each gyration for asphalt emulsion type C, 
6.0% lime slurry and non-graded RAP. 
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Figure 60. Backcalculation of the height for each gyration for asphalt emulsion type D, 
4.5% lime slurry and graded RAP. 
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Figure 62. Backcalculation of the height for each gyration for asphalt emulsion type D, 
4.5% lime slurry and non-graded RAP. 
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Figure 64. Backcalculation of the height for each gyration for asphalt emulsion type D, 
6.0% lime slurry and graded RAP. 
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Figure 66. Backcalculation of the height for each gyration for asphalt emulsion type D, 
6.0% lime slurry and non-graded RAP. 
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7.1.2. CIR Mix Design Evaluation 
Table 30. TSR test results for asphalt emulsion type A, 4.5% lime slurry and graded 
RAP. 
Sample Condition   Wet Samples Dry Samples 
Sample Identification    17 14 18 16 13 15 
Diameter 1   149.8 149.8 149.9 149.9 149.7 149.8 
Diameter 2   149.7 149.8 149.7 149.7 149.7 149.7 
Diameter 3   149.9 149.7 149.9 149.7 149.9 149.8 
Diameter [mm] D 149.8 149.7 149.8 149.8 149.7 149.8 
Thickness 1   93.4 93.6 93.7 91.0 90.9 90.8 
Thickness 2   93.5 93.7 93.7 91.3 91.0 91.1 
Thickness 3   93.4 93.8 93.7 91.3 91.1 91.0 
Thickness [mm] t 93.4 93.7 93.7 91.2 91.0 91.0 
Dry mass in air [g] A 3403.8 3404.2 3415.5 3401.2 3408.6 3399.2 
Dry + Parafilm [g]   3414.3 3414.3 3426.7 3412.3 3419.9 3409.9 
Under water weight (Parafilm) [g]   1769.4 1759.2 1772.1 1788.3 1795.2 1782.5 
Volume of Specimen cm3 E 1633.5 1644.1 1642.5 1612.0 1612.4 1615.8 
Bulk SG  Gmb 2.084 2.070 2.080 2.110 2.114 2.104 
Maximum SG Gmm 2.404 2.404 2.404 2.404 2.404 2.404 
% Air voids [100( Gmm-Gmb)/Gmm] Pa 13.3% 13.9% 13.5% 12.2% 12.1% 12.5% 
Volume of air voids (PaE/100) [cm3] Va 217.8 228.3 221.9 197.4 194.8 202.0 
    Saturated   
Thickness [mm] t' 93.5 94.0 93.7 91.2 91.0 91.0 
Dry mass in air [g] A' 3403.8 3404.2 3415.5 
  
SSD mass [g] B' 3556.6 3567.9 3572.5 
Volume of absorbed water (B'-A') [cm3] J' 152.8 163.7 157.0 
% saturation (100J'/Va) S' 70.1% 71.7% 70.7% 
Load, [lbf]  P 1560.6 1372.8 1526.2 2225.9 2517.5 2240.5 
Dry Tensile Strength [psi] @ 77°F S1   67 76 68 
Wet Tensile Strength [psi] @ 77°F S2 46 40 45   
Visual Moisture Damage (0-5)   2 3 2 0 0 0 
Cracked broken agg.?   yes yes yes yes yes Yes 





Table 31. Cohesion test results for asphalt emulsion type A, 4.5% lime slurry and graded 
RAP. 
 Sample 1 Sample 2 
Time Torque (kg-cm) Torque (kg-cm) 
180 
Read 1 16 
16.3 
Read 1 17 
17.0 Read 2 16 Read 2 18 
Read 3 17 Read 3 16 
240 
Read 1 20 
18.0 
Read 1 16 
18.0 Read 2 17 Read 2 19 
Read 3 17 Read 3 19 
270 
Read 1 22 
21.0 
Read 1 18 
19.7 Read 2 19 Read 2 21 
Read 3 22 Read 3 20 
Time for torque of 20 kg-cm 4.5      
 
Table 32. Mass loss results for asphalt emulsion type A, 4.5% lime slurry and graded 
RAP. 
 Sample 1 Sample 2 
Dry mass before abrasion [g] 2676.7 2663.5 
Dry mass abraded [g] 2379.8 2401.5 






Table 33. TSR test results for asphalt emulsion type A, 4.5% lime slurry and non-graded 
RAP. 
Sample Condition   Wet Samples Dry Samples 
Sample Identification    1 2 3 4 5 6 
Diameter 1   149.7 149.9 149.8 149.9 149.9 149.9 
Diameter 2   149.7 149.8 149.9 149.8 149.9 149.9 
Diameter 3   149.7 149.8 149.9 149.8 149.8 149.8 
Diameter [mm] D 149.7 149.8 149.8 149.8 149.9 149.9 
Thickness 1   94.4 93.2 92.7 92.8 93.5 93.1 
Thickness 2   94.9 93.0 92.2 92.6 93.5 92.7 
Thickness 3   94.6 93.4 92.5 92.8 93.5 93.2 
Thickness [mm] t 94.6 93.2 92.5 92.7 93.5 93.0 
Dry mass in air [g] A 3436.8 3439.2 3440.3 3438.9 3450.1 3447.6 
Dry + Parafilm [g]   3447.3 3450.1 3451.4 3449.2 3461.0 3458.7 
Under water weight (Parafilm) [g]   1770.5 1788.5 1793.2 1784.8 1793.8 1797.5 
Volume of Specimen cm3 E 1665.4 1649.8 1646.2 1653.2 1655.4 1649.2 
Bulk SG  Gmb 2.064 2.085 2.090 2.080 2.084 2.091 
Maximum SG Gmm 2.375 2.375 2.375 2.375 2.375 2.375 
% Air voids [100( Gmm-Gmb)/Gmm] Pa 13.1% 12.2% 12.0% 12.4% 12.2% 12.0% 
Volume of air voids (PaE/100) [cm3] Va 218.1 201.4 197.3 205.0 202.4 197.3 
    Saturated   
Thickness [mm] t' 94.6 93.3 92.8 92.7 93.5 93.0 
Dry mass in air [g] A' 3435.3 3438.1 3439.0 
  
SSD mass [g] B' 3601.3 3584.3 3581.3 
Volume of absorbed water (B'-A') [cm3] J' 166.0 146.2 142.3 
% saturation (100J'/Va) S' 76.1% 72.6% 72.1% 
Load, [lbf]  P 1407.3 1493.1 1644.5 1863.6 1891.2 2043.6 
Dry Tensile Strength [psi] @ 77°F S1   55 55 60 
Wet Tensile Strength [psi] @ 77°F S2 41 44 49   
Visual Moisture Damage (0-5)   yes yes yes yes yes yes 
Cracked broken agg.?   3 3 3 0 0 0 





Table 34. Cohesion test results for asphalt emulsion type A, 4.5% lime slurry and non-
graded RAP. 
 Sample 1 Sample 2 
Time Torque (kg-cm) Torque (kg-cm) 
210 
Read 1 16 
17.3333 
Read 1 18 
17 Read 2 18 Read 2 16 
Read 3 18 Read 3 17 
240 
Read 1 18 
19 
Read 1 17 
18.3333 Read 2 20 Read 2 20 
Read 3 19 Read 3 18 
270 
Read 1 21 
20 
Read 1 21 
20.6667 Read 2 19 Read 2 20 
Read 3 20 Read 3 21 
Time for torque of 20 kg-cm 4.5      
 
Table 35. Mass loss results for asphalt emulsion type A, 4.5% lime slurry and non-
graded RAP. 
 Sample 1 Sample 2 
Dry mass before abrasion [g] 2621.3 2617.9 
Dry mass abraded [g] 2344.5 2527.5 






Table 36. TSR test results for asphalt emulsion type A, 6.0% lime slurry and graded 
RAP. 
Sample Condition   Wet Samples Dry Samples 
Sample Identification    19 23 24 22 20 21 
Diameter 1   149.8 149.7 149.8 149.9 149.8 149.8 
Diameter 2   149.7 149.9 149.8 150.0 149.8 149.8 
Diameter 3   149.7 149.8 149.7 149.9 149.9 149.8 
Diameter [mm] D 149.7 149.8 149.7 149.9 149.9 149.8 
Thickness 1   94.1 93.2 93.1 91.3 91.7 92.0 
Thickness 2   94.1 93.3 93.1 91.5 91.9 92.0 
Thickness 3   94.1 93.3 92.8 91.4 91.6 92.0 
Thickness [mm] t 94.1 93.3 93.0 91.4 91.7 92.0 
Dry mass in air [g] A 3442.3 3433.4 3442.8 3403.6 3414.6 3426.2 
Dry + Parafilm [g]   3453.3 3444.2 3453.5 3414.3 3424.9 3437.1 
Under water weight (Parafilm) [g]   1790.6 1795.3 1809.6 1794.4 1800.2 1804.2 
Volume of Specimen cm3 E 1650.8 1637.2 1632.3 1608.3 1613.5 1621.1 
Bulk SG  Gmb 2.085 2.097 2.109 2.116 2.116 2.114 
Maximum SG Gmm 2.411 2.411 2.411 2.411 2.411 2.411 
% Air voids [100( Gmm-Gmb)/Gmm] Pa 13.5% 13.0% 12.5% 12.2% 12.2% 12.3% 
Volume of air voids (PaE/100) [cm3] Va 223.1 213.2 204.4 196.7 197.4 200.1 
    Saturated   
Thickness [mm] t' 94.3 93.5 93.1 91.4 91.7 92.0 
Dry mass in air [g] A' 3442.3 3433.4 3442.8 
  
SSD mass [g] B' 3599.6 3583.2 3590.3 
Volume of absorbed water (B'-A') [cm3] J' 157.3 149.8 147.5 
% saturation (100J'/Va) S' 70.5% 70.3% 72.2% 
Load, [lbf]  P 1655.3 1711.1 1777.2 1895.4 1927.3 2209.3 
Dry Tensile Strength [psi] @ 77°F S1   57 58 66 
Wet Tensile Strength [psi] @ 77°F S2 48 50 52   
Visual Moisture Damage (0-5)   2 3 2 0 0 0 
Cracked broken agg.?   yes yes yes yes yes no 





Table 37. Cohesion test results for asphalt emulsion type A, 6.0 % lime slurry and graded 
RAP. 
 Sample 1 Sample 2 
Time Torque (kg-cm) Torque (kg-cm) 
180 
Read 1 15 
15.7 
Read 1 16 
16.0 Read 2 16 Read 2 17 
Read 3 16 Read 3 15 
240 
Read 1 19 
17.7 
Read 1 18 
16.7 Read 2 17 Read 2 16 
Read 3 17 Read 3 16 
270 
Read 1 17 
17.7 
Read 1 17 
17.3 Read 2 17 Read 2 16 
Read 3 19 Read 3 19 
300 
Read 1 18 
19.7 
Read 1 19 
19.0 Read 2 21 Read 2 18 
Read 3 20 Read 3 20 
330 
Read 4   
 
Read 4 19 
19.7 Read 5   Read 5 19 
Read 6   Read 6 21 
Time for torque of 20 kg-cm 5.5      
 
Table 38. Mass loss results for asphalt emulsion type A, 6.0% lime slurry and graded 
RAP. 
 Sample 1 Sample 2 
Dry mass before abrasion [g] 2601.8 2612.5 
Dry mass abraded [g] 2567.9 2515.3 






Table 39. TSR test results for asphalt emulsion type A, 6.0% lime slurry and non-graded 
RAP. 
Sample Condition   Wet Samples Dry Samples 
Sample Identification    1 2 3 4 5 6 
Diameter 1   149.9 149.7 149.9 149.8 149.8 149.9 
Diameter 2   149.9 149.7 149.9 149.8 149.9 149.9 
Diameter 3   149.8 149.7 149.9 149.8 149.9 149.8 
Diameter [mm] D 149.9 149.7 149.9 149.8 149.9 149.9 
Thickness 1   92.2 92.2 92.4 92.6 92.7 92.5 
Thickness 2   92.3 92.1 92.6 92.5 92.6 92.5 
Thickness 3   92.5 91.9 92.3 92.5 92.5 92.4 
Thickness [mm] t 92.3 92.1 92.4 92.5 92.6 92.5 
Dry mass in air [g] A 3441.6 3435.7 3438.1 3433.8 3438.6 3438.1 
Dry + Parafilm [g]   3452.6 3446.5 3448.8 3444.2 3449.0 3448.9 
Under water weight (Parafilm) [g]   1792.7 1792.1 1789.0 1783.6 1791.5 1788.0 
Volume of Specimen cm3 E 1648.0 1642.7 1648.2 1649.3 1646.2 1649.2 
Bulk SG  Gmb 2.088 2.092 2.086 2.082 2.089 2.085 
Maximum SG Gmm 2.376 2.376 2.376 2.376 2.376 2.376 
% Air voids [100( Gmm-Gmb)/Gmm] Pa 12.1% 12.0% 12.2% 12.4% 12.1% 12.2% 
Volume of air voids (PaE/100) [cm3] Va 199.3 196.5 201.0 203.9 198.8 202.0 
    Saturated   
Thickness [mm] t' 92.3 92.1 92.4 92.5 92.6 92.5 
Dry mass in air [g] A' 3441.3 3435.1 3436.6 
  
SSD mass [g] B' 3581.3 3573.9 3579.0 
Volume of absorbed water (B'-A') [cm3] J' 140.0 138.8 142.4 
% saturation (100J'/Va) S' 70.2% 70.6% 70.8% 
Load, [lbf]  P 1339.8 1282.0 1444.8 1590.5 1876.5 1803.6 
Dry Tensile Strength [psi] @ 77°F S1   47 56 54 
Wet Tensile Strength [psi] @ 77°F S2 40 38 43   
Visual Moisture Damage (0-5)   no yes yes yes yes yes 
Cracked broken agg.?   4 4 4 0 0 0 





Table 40. Cohesion test results for asphalt emulsion type A, 6.0 % lime slurry and non-
graded RAP. 
 Sample 1 Sample 2 
Time Torque (kg-cm) Torque (kg-cm) 
240 
Read 1 15 
16.6667 
Read 1 19 
17.3333 Read 2 17 Read 2 17 
Read 3 18 Read 3 16 
270 
Read 1 18 
19 
Read 1 20 
18.3333 Read 2 19 Read 2 17 
Read 3 20 Read 3 18 
300 
Read 1 19 
19.6667 
Read 1 21 
20.6667 Read 2 19 Read 2 21 
Read 3 21 Read 3 20 
Time for torque of 20 kg-cm 5.0      
 
Table 41. Mass loss results for asphalt emulsion type A, 6.0% lime slurry and non-
graded RAP. 
 Sample 1 Sample 2 
Dry mass before abrasion [g] 2669.6 2672.5 
Dry mass abraded [g] 2568.4 2399.8 






Table 42. TSR test results for asphalt emulsion type B, 4.5% lime slurry and graded 
RAP. 
Sample Condition   Wet Samples Dry Samples 
Sample Identification    1 5 3 4 2 6 
Diameter 1   149.6 149.7 149.8 149.9 149.8 149.8 
Diameter 2   149.8 149.8 149.8 149.9 149.9 149.8 
Diameter 3   149.8 149.9 149.8 149.9 149.9 149.8 
Diameter [mm] D 149.7 149.8 149.8 149.9 149.9 149.8 
Thickness 1   97.1 95.6 96.3 95.4 96.9 95.0 
Thickness 2   97.3 95.6 96.4 95.3 96.9 94.9 
Thickness 3   97.1 95.6 96.2 95.2 97.1 94.9 
Thickness [mm] t 97.2 95.6 96.3 95.3 97.0 94.9 
Dry mass in air [g] A 3451.8 3450.2 3450.3 3433.5 3450.5 3453.0 
Dry + Parafilm [g]   3463.1 3461.4 3461.1 3444.5 3461.3 3463.9 
Under water weight (Parafilm) [g]   1755.2 1773.8 1762.3 1764.8 1756.3 1783.9 
Volume of Specimen cm3 E 1695.6 1675.5 1687.1 1667.8 1693.3 1668.2 
Bulk SG  Gmb 2.036 2.059 2.045 2.059 2.038 2.070 
Maximum SG Gmm 2.367 2.367 2.367 2.367 2.367 2.367 
% Air voids [100( Gmm-Gmb)/Gmm] Pa 14.0% 13.0% 13.6% 13.0% 13.9% 12.6% 
Volume of air voids (PaE/100) [cm3] Va 237.3 217.8 229.4 217.2 235.5 209.4 
    Saturated   
Thickness [mm] t' 97.3 95.8 96.4 95.3 97.0 94.9 
Dry mass in air [g] A' 3451.2 3449.2 3449.9 
  
SSD mass [g] B' 3618.2 3603.5 3612.7 
Volume of absorbed water (B'-A') [cm3] J' 167.0 154.3 162.8 
% saturation (100J'/Va) S' 70.4% 70.8% 71.0% 
Load, [lbf]  P 2123.4 2493.6 2336.7 2764.7 2536.9 2676.1 
Dry Tensile Strength [psi] @ 77°F S1   80 72 77 
Wet Tensile Strength [psi] @ 77°F S2 60 71 67   
Visual Moisture Damage (0-5)   2 3 3 0 0 0 
Cracked broken agg.?   yes yes yes yes yes yes 





Table 43. Cohesion test results for asphalt emulsion type B, 4.5 % lime slurry and graded 
RAP. 
 Sample 1 Sample 2 
Time (min) Torque (kg-cm) Torque (kg-cm) 
210 
Read 1 16 
14.7 
Read 1   
 Read 2 14 Read 2   
Read 3 14 Read 3   
240 
Read 1 14 
14.7 
Read 1 18 
15.7 Read 2 15 Read 2 14 
Read 3 15 Read 3 15 
270 
Read 1 14 
15.0 
Read 1 14 
15.0 Read 2 15 Read 2 16 
Read 3 16 Read 3 15 
300 
Read 1 15 
15.7 
Read 1 17 
16.3 Read 2 17 Read 2 15 
Read 3 15 Read 3 17 
330 
Read 1 16 
17.7 
Read 1 16 
18.3 Read 2 18 Read 2 20 
Read 3 19 Read 3 19 
360 
Read 4 21 
20.3 
Read 4 19 
20.0 Read 5 19 Read 5 19 
Read 6 21 Read 6 22 
Time for torque of 20 kg-cm (hours) 6.0      
 
Table 44. Mass loss results for asphalt emulsion type B, 4.5% lime slurry and graded 
RAP. 
 Sample 1 Sample 2 
Dry mass before abrasion [g] 2644.3 2620.8 
Dry mass abraded [g] 2623.9 2618.5 








Table 45. TSR test results for asphalt emulsion type B, 4.5% lime slurry and non-graded 
RAP. 
Sample Condition   Wet Samples Dry Samples 
Sample Identification    1 2 3 4 5 6 
Diameter 1   149.9 149.7 149.9 149.8 149.9 149.8 
Diameter 2   149.8 149.8 149.9 149.8 149.9 149.7 
Diameter 3   149.8 149.8 149.8 149.8 149.8 149.7 
Diameter [mm] D 149.8 149.7 149.9 149.8 149.9 149.7 
Thickness 1   92.3 95.5 91.6 92.4 93.4 91.8 
Thickness 2   92.2 91.6 91.5 92.3 93.0 91.7 
Thickness 3   92.0 93.4 91.4 92.1 93.3 91.7 
Thickness [mm] t 92.1 93.5 91.5 92.3 93.3 91.7 
Dry mass in air [g] A 3377.4 3381.5 3373.6 3386.8 3385.7 3375.3 
Dry + Parafilm [g]   3388.3 3392.4 3384.4 3397.0 3396.0 3386.1 
Under water weight (Parafilm) [g]   1741.1 1753.9 1747.3 1753.3 1738.2 1744.8 
Volume of Specimen cm3 E 1635.4 1626.7 1625.4 1632.6 1646.6 1629.6 
Bulk SG  Gmb 2.065 2.079 2.076 2.074 2.056 2.071 
Maximum SG Gmm 2.376 2.376 2.376 2.376 2.376 2.376 
% Air voids [100( Gmm-Gmb)/Gmm] Pa 13.1% 12.5% 12.6% 12.7% 13.5% 12.8% 
Volume of air voids (PaE/100) [cm3] Va 213.7 203.3 205.3 207.0 221.5 208.8 
    Saturated   
Thickness [mm] t' 92.4 93.7 95.6 92.3 93.3 91.7 
Dry mass in air [g] A' 3376.1 3380.0 3382.8 
  
SSD mass [g] B' 3539.7 3535.3 3533.3 
Volume of absorbed water (B'-A') [cm3] J' 163.6 155.3 150.5 
% saturation (100J'/Va) S' 76.5% 76.4% 73.3% 
Load, [lbf]  P 1745.9 1808.0 1616.0 1958.5 1796.4 2140.4 
Dry Tensile Strength [psi] @ 77°F S1   58 53 64 
Wet Tensile Strength [psi] @ 77°F S2 52 53 46   
Visual Moisture Damage (0-5)   3 3 3 0 0 0 
Cracked broken agg.?   yes no yes yes yes Yes 




Table 46. Cohesion test results for asphalt emulsion type B, 4.5 % lime slurry and non-
graded RAP. 
 Sample 1 Sample 2 
Time Torque (kg-cm) Torque (kg-cm) 
270 
Read 1 17 
16.0 
Read 1 16 
17.0 Read 2 16 Read 2 18 
Read 3 15 Read 3 17 
300 
Read 1 17 
16.7 
Read 1 16 
18.0 Read 2 17 Read 2 19 
Read 3 16 Read 3 19 
330 
Read 1 17 
17.7 
Read 1 17 
18.7 Read 2 17 Read 2 19 
Read 3 19 Read 3 20 
360 
Read 1 20 
20.0 
Read 1 21 
21.3 Read 2 20 Read 2 21 
Read 3 20 Read 3 22 
Time for torque of 20 kg-cm 6.0      
 
Table 47. Mass loss results for asphalt emulsion type B, 4.5% lime slurry and non-graded 
RAP. 
 Sample 1 Sample 2 
Dry mass before abrasion [g] 2620.2 2625.0 
Dry mass abraded [g] 2548.3 2577.9 






Table 48. TSR test results for asphalt emulsion type B, 6.0 % lime slurry and graded 
RAP. 
Sample Condition   Wet Samples Dry Samples 
Sample Identification    1 2 3 4 5 6 
Diameter 1   149.6 149.8 149.8 149.8 149.7 149.6 
Diameter 2   149.7 149.9 149.8 149.6 149.9 149.8 
Diameter 3   149.9 149.8 149.6 149.7 149.9 149.8 
Diameter [mm] D 149.7 149.8 149.7 149.7 149.8 149.7 
Thickness 1   95.7 96.5 96.0 96.7 96.3 96.6 
Thickness 2   95.8 96.4 96.2 96.6 96.6 96.5 
Thickness 3   95.7 96.4 96.2 96.4 96.6 96.6 
Thickness [mm] t 95.7 96.4 96.1 96.5 96.5 96.5 
Dry mass in air [g] A 3466.4 3476.4 3462.7 3487.2 3472.7 3466.1 
Dry + Parafilm [g]   3476.9 3487.1 3477.0 3498.3 3483.9 3476.9 
Under water weight (Parafilm) [g]   1786.2 1787.9 1778.1 1795.7 1782.1 1773.4 
Volume of Specimen cm3 E 1679.3 1687.6 1683.4 1690.6 1689.7 1691.8 
Bulk SG  Gmb 2.064 2.060 2.057 2.063 2.055 2.049 
Maximum SG Gmm 2.383 2.383 2.383 2.383 2.383 2.383 
% Air voids [100( Gmm-Gmb)/Gmm] Pa 13.4% 13.6% 13.7% 13.4% 13.8% 14.0% 
Volume of air voids (PaE/100) [cm3] Va 224.8 228.9 230.4 227.3 232.5 237.4 
    Saturated   
Thickness [mm] t' 96.5 96.8 96.2 96.5 96.5 96.5 
Dry mass in air [g] A' 3464.7 3474.8 3461.7 
  
SSD mass [g] B' 3622.8 3638.3 3625.2 
Volume of absorbed water (B'-A') [cm3] J' 158.1 163.5 163.5 
% saturation (100J'/Va) S' 70.3% 71.4% 71.0% 
Load, [lbf]  P 2141.5 2224.7 2285.5 2447.3 2563.8 2390.2 
Dry Tensile Strength [psi] @ 77°F S1   70 73 68 
Wet Tensile Strength [psi] @ 77°F S2 61 63 65   
Visual Moisture Damage (0-5)   2 3 3 0 0 0 
Cracked broken agg.?   yes yes yes yes yes yes 





Table 49. Cohesion test results for asphalt emulsion type B, 6.0 % lime slurry and graded 
RAP. 
 Sample 1 Sample 2 
Time (min) Torque (kg-cm) Torque (kg-cm) 
210 
Read 1 15 
14.7 
Read 1   
 Read 2 15 Read 2   
Read 3 14 Read 3   
240 
Read 1 15 
15.3 
Read 1 15 
15.7 Read 2 15 Read 2 15 
Read 3 16 Read 3 17 
270 
Read 1 16 
16.7 
Read 1 16 
16.3 Read 2 18 Read 2 16 
Read 3 16 Read 3 17 
300 
Read 1 19 
18.3 
Read 1 17 
18.7 Read 2 17 Read 2 20 
Read 3 19 Read 3 19 
330 
Read 1 19 
20.3 
Read 1 20 
20.0 Read 2 21 Read 2 21 
Read 3 21 Read 3 19 
Time for torque of 20 kg-cm (hours) 5.5      
 
Table 50. Mass loss results for asphalt emulsion type B, 6.0% lime slurry and graded 
RAP. 
 Sample 1 Sample 2 
Dry mass before abrasion [g] 2650.0 2648.7 
Dry mass abraded [g] 2536.2 2608.0 






Table 51. TSR test results for asphalt emulsion type B, 6.0 % lime slurry and non-graded 
RAP. 
Sample Condition   Wet Samples Dry Samples 
Sample Identification    1 2 4 3 5 6 
Diameter 1   149.8 149.8 149.9 149.8 149.8 149.9 
Diameter 2   149.8 149.8 149.9 149.8 149.8 149.9 
Diameter 3   149.8 149.8 149.8 149.8 149.9 149.9 
Diameter [mm] D 149.8 149.8 149.8 149.8 149.8 149.9 
Thickness 1   92.4 92.3 93.2 92.6 92.9 92.9 
Thickness 2   92.4 92.4 93.1 92.7 92.8 92.7 
Thickness 3   92.4 92.5 93.3 92.7 92.8 93.0 
Thickness [mm] t 92.4 92.4 93.2 92.7 92.8 92.9 
Dry mass in air [g] A 3397.9 3400.7 3399.9 3412.4 3413.0 3400.6 
Dry + Parafilm [g]   3408.6 3410.6 3410.5 3422.9 3423.9 3410.7 
Under water weight (Parafilm) [g]   1776.5 1780.3 1763.5 1786.4 1786.4 1770.3 
Volume of Specimen cm3 E 1620.5 1619.6 1635.5 1625.1 1625.7 1629.4 
Bulk SG  Gmb 2.097 2.100 2.079 2.100 2.099 2.087 
Maximum SG Gmm 2.409 2.409 2.409 2.409 2.409 2.409 
% Air voids [100( Gmm-Gmb)/Gmm] Pa 13.0% 12.8% 13.7% 12.8% 12.8% 13.4% 
Volume of air voids (PaE/100) [cm3] Va 209.9 207.8 224.1 208.5 208.8 217.7 
    Saturated   
Thickness [mm] t' 92.7 92.4 93.2 92.7 92.8 92.9 
Dry mass in air [g] A' 3396.0 3399.2 3397.5 
  
SSD mass [g] B' 3543.6 3545.7 3556.3 
Volume of absorbed water (B'-A') [cm3] J' 147.6 146.5 158.8 
% saturation (100J'/Va) S' 70.3% 70.5% 70.9% 
Load, [lbf]  P 1427.8 1757.9 1344.5 1737.8 2017.2 2018.8 
Dry Tensile Strength [psi] @ 77°F S1   51 60 60 
Wet Tensile Strength [psi] @ 77°F S2 42 52 40   
Visual Moisture Damage (0-5)   4 3 4 0 0 0 
Cracked broken agg.?   yes yes yes yes yes yes 





Table 52. Cohesion test results for asphalt emulsion type B, 6.0 % lime slurry and non-
graded RAP. 
 Sample 1 Sample 2 
Time Torque (kg-cm) Torque (kg-cm) 
240 
Read 1 15 
15.6667 
Read 1 14 
15 Read 2 16 Read 2 15 
Read 3 16 Read 3 16 
270 
Read 1 15 
16.6667 
Read 1 16 
16.6667 Read 2 17 Read 2 16 
Read 3 18 Read 3 18 
300 
Read 1 20 
20.3333 
Read 1 22 
20 Read 2 19 Read 2 20 
Read 3 22 Read 3 18 
Time for torque of 20 kg-cm 5.0      
 
Table 53. Mass loss results for asphalt emulsion type B, 6.0% lime slurry and non-graded 
RAP. 
 Sample 1 Sample 2 
Dry mass before abrasion [g] 2623.4 2637.5 
Dry mass abraded [g] 2470.6 2518.6 






Table 54. TSR test results for asphalt emulsion type C, 4.5 % lime slurry and non-graded 
RAP. 
Sample Condition   Wet Samples Dry Samples 
Sample Identification    1 4 3 2 5 6 
Diameter 1   149.8 149.9 149.9 149.9 149.8 149.8 
Diameter 2   149.9 149.9 149.8 149.8 149.8 149.9 
Diameter 3   149.8 149.9 149.7 149.9 149.9 149.8 
Diameter [mm] D 149.8 149.9 149.8 149.9 149.8 149.8 
Thickness 1   93.9 91.9 92.3 93.4 91.9 91.1 
Thickness 2   94.2 91.9 92.2 93.2 92.0 91.3 
Thickness 3   93.8 91.8 92.4 93.4 92.0 91.5 
Thickness [mm] t 94.0 91.9 92.3 93.3 92.0 91.3 
Dry mass in air [g] A 3404.8 3407.2 3407.5 3402.7 3404.2 3406.2 
Dry + Parafilm [g]   3414.9 3418.2 3418.4 3413.3 3415.2 3417.5 
Under water weight (Parafilm) [g]   1755.4 1788.9 1787.7 1763.7 1789.3 1791.5 
Volume of Specimen cm3 E 1648.5 1617.4 1618.9 1638.1 1614.0 1613.7 
Bulk SG  Gmb 2.065 2.107 2.105 2.077 2.109 2.111 
Maximum SG Gmm 2.397 2.397 2.397 2.397 2.397 2.397 
% Air voids [100( Gmm-Gmb)/Gmm] Pa 13.8% 12.1% 12.2% 13.3% 12.0% 12.0% 
Volume of air voids (PaE/100) [cm3] Va 228.2 196.1 197.4 218.7 193.9 192.9 
    Saturated   
Thickness [mm] t' 94.0 91.9 92.6 93.3 92.0 91.3 
Dry mass in air [g] A' 3403.3 3406.5 3406.4 
  
SSD mass [g] B' 3572.1 3555.4 3547.1 
Volume of absorbed water (B'-A') [cm3] J' 168.8 148.9 140.7 
% saturation (100J'/Va) S' 74.0% 75.9% 71.3% 
Load, [lbf]  P 1779.0 2095.1 2121.8 2239.1 2674.1 2891.4 
Dry Tensile Strength [psi] @ 77°F S1   66 80 87 
Wet Tensile Strength [psi] @ 77°F S2 52 63 63   
Visual Moisture Damage (0-5)   2 3 3 0 0 0 
Cracked broken agg.?   yes yes yes yes yes no 






Table 55. Cohesion test results for asphalt emulsion type C, 4.5 % lime slurry and non-
graded RAP. 
 Sample 1 Sample 2 
Time Torque (kg-cm) Torque (kg-cm) 
210 
Read 1 14 
14.3 
Read 1   
 Read 2 15 Read 2   
Read 3 14 Read 3   
240 
Read 1 16 
16.7 
Read 1 17 
16.7 Read 2 16 Read 2 17 
Read 3 18 Read 3 16 
270 
Read 1 16 
17.0 
Read 1 17 
17.0 Read 2 19 Read 2 17 
Read 3 16 Read 3 17 
300 
Read 4 20 
20.0 
Read 4 21 
21.3 Read 5 22 Read 5 21 
Read 6 18 Read 6 22 
Time for torque of 20 kg-cm 5.0      
 
Table 56. Mass loss results for asphalt emulsion type C, 4.5 % lime slurry and non-
graded RAP. 
 Sample 1 Sample 2 
Dry mass before abrasion [g] 2694.1 2691.9 
Dry mass abraded [g] 2439.7 2541.6 






Table 57. TSR test results for asphalt emulsion type C, 6.0 % lime slurry and graded 
RAP. 
Sample Condition   Wet Samples Dry Samples 
Sample Identification    8 11 10 4 9 6 
Diameter 1   149.6 149.8 149.8 149.9 149.8 150.0 
Diameter 2   149.8 149.8 149.9 149.8 149.8 149.8 
Diameter 3   149.9 149.7 149.8 149.7 149.7 149.8 
Diameter [mm] D 149.8 149.8 149.8 149.8 149.8 149.9 
Thickness 1   94.4 93.5 93.4 93.2 94.9 93.4 
Thickness 2   94.0 93.4 93.4 93.2 94.8 93.6 
Thickness 3   94.0 93.4 93.5 93.3 94.9 93.6 
Thickness [mm] t 94.1 93.4 93.4 93.2 94.9 93.5 
Dry mass in air [g] A 3390.3 3396.5 3390.3 3404.2 3400.4 3412.5 
Dry + Parafilm [g]   3401.8 3407.7 3401.7 3414.8 3411.7 3423.7 
Under water weight (Parafilm) [g]   1752.8 1761.7 1753.6 1774.2 1756.2 1777.6 
Volume of Specimen cm3 E 1636.5 1633.9 1635.7 1629.1 1643.2 1634.0 
Bulk SG  Gmb 2.072 2.079 2.073 2.090 2.069 2.088 
Maximum SG Gmm 2.406 2.406 2.406 2.406 2.406 2.406 
% Air voids [100( Gmm-Gmb)/Gmm] Pa 13.9% 13.6% 13.9% 13.1% 14.0% 13.2% 
Volume of air voids (PaE/100) [cm3] Va 227.4 222.2 226.6 214.2 229.9 215.6 
    Saturated   
Thickness [mm] t' 94.3 94.0 93.6 93.2 95.6 93.5 
Dry mass in air [g] A' 3389.5 3395.7 3389.5 
  
SSD mass [g] B' 3568.7 3559.2 3555.8 
Volume of absorbed water (B'-A') [cm3] J' 179.2 163.5 166.3 
% saturation (100J'/Va) S' 78.8% 73.6% 73.4% 
Load, [lbf]  P 1390.3 1502.0 1285.9 2415.8 1924.4 2348.3 
Dry Tensile Strength [psi] @ 77°F S1   71 55 69 
Wet Tensile Strength [psi] @ 77°F S2 40 44 38   
Visual Moisture Damage (0-5)   2 2 2 0 0 0 
Cracked broken agg.?   yes yes yes yes no yes 






Table 58. Cohesion test results for asphalt emulsion type C, 6.0 % lime slurry and graded 
RAP. 
 Sample 1 Sample 2 
Time Torque (kg-cm) Torque (kg-cm) 
240 
Read 1 14 
14.3 
Read 1 14 
14.0 Read 2 15 Read 2 14 
Read 3 14 Read 3 14 
300 
Read 1 15 
15.0 
Read 1 16 
15.3 Read 2 14 Read 2 15 
Read 3 16 Read 3 15 
360 
Read 1 17 
18.0 
Read 1 17 
18.3 Read 2 20 Read 2 20 
Read 3 17 Read 3 18 
390 
Read 1 20 
20.0 
Read 1 19 
20.3 Read 2 18 Read 2 21 
Read 3 22 Read 3 21 
Time for torque of 20 kg-cm 6.5      
 
Table 59. Mass loss results for asphalt emulsion type C, 6.0% lime slurry and graded 
RAP. 
 Sample 1 Sample 2 
Dry mass before abrasion [g] 2594.1 2593.0 
Dry mass abraded [g] 2591.6 2585.7 






Table 60. TSR test results for asphalt emulsion type C, 6.0 % lime slurry and non-graded 
RAP. 
Sample Condition   Wet Samples Dry Samples 
Sample Identification    1 2 3 4 5 6 
Diameter 1   149.8 149.7 149.9 149.8 149.9 149.9 
Diameter 2   149.8 149.8 149.9 149.9 149.9 149.8 
Diameter 3   149.8 149.8 149.9 149.8 149.8 149.9 
Diameter [mm] D 149.8 149.8 149.9 149.8 149.9 149.8 
Thickness 1   92.3 92.7 92.2 92.4 92.5 92.4 
Thickness 2   92.1 92.7 92.5 92.5 92.4 92.3 
Thickness 3   92.1 92.6 92.0 92.5 92.4 92.4 
Thickness [mm] t 92.1 92.7 92.2 92.5 92.4 92.4 
Dry mass in air [g] A 3391.1 3404.9 3410.2 3406.1 3406.1 3409.0 
Dry + Parafilm [g]   3401.8 3416.3 3420.9 3417.1 3417.3 3420.2 
Under water weight (Parafilm) [g]   1777.8 1782.8 1793.5 1776.6 1784.5 1791.8 
Volume of Specimen cm3 E 1612.4 1621.1 1615.8 1628.6 1620.7 1616.3 
Bulk SG  Gmb 2.103 2.100 2.111 2.091 2.102 2.109 
Maximum SG Gmm 2.411 2.411 2.411 2.411 2.411 2.411 
% Air voids [100( Gmm-Gmb)/Gmm] Pa 12.8% 12.9% 12.5% 13.3% 12.8% 12.5% 
Volume of air voids (PaE/100) [cm3] Va 206.0 209.0 201.5 215.9 208.0 202.4 
    Saturated   
Thickness [mm] t' 92.5 92.7 92.5 92.5 92.4 92.4 
Dry mass in air [g] A' 3389.7 3403.8 3408.8 
  
SSD mass [g] B' 3543.2 3557.8 3558.0 
Volume of absorbed water (B'-A') [cm3] J' 153.5 154.0 149.2 
% saturation (100J'/Va) S' 74.5% 73.7% 74.1% 
Load, [lbf]  P 1879.1 2078.9 2080.8 2322.8 2525.9 2805.3 
Dry Tensile Strength [psi] @ 77°F S1   69 75 83 
Wet Tensile Strength [psi] @ 77°F S2 56 62 62   
Visual Moisture Damage (0-5)   4 4 3 0 0 0 
Cracked broken agg.?   yes no yes yes yes yes 




Table 61. Cohesion test results for asphalt emulsion type C, 6.0 % lime slurry and non-
graded RAP. 
 Sample 1 Sample 2 
Time Torque (kg-cm) Torque (kg-cm) 
210 
Read 1 15 
14.7 
Read 1   
 Read 2 14 Read 2   
Read 3 15 Read 3   
240 
Read 1 16 
16.0 
Read 1 17 
17.3 Read 2 16 Read 2 18 
Read 3 16 Read 3 17 
270 
Read 1 19 
17.0 
Read 1 19 
18.0 Read 2 16 Read 2 19 
Read 3 16 Read 3 16 
300 
Read 4 20 
19.0 
Read 4 21 
20.7 Read 5 18 Read 5 21 
Read 6 19 Read 6 20 
330 
Read 7 22 
21.3 
Read 7   
 Read 8 22 Read 8   
Read 9 20 Read 9   
Time for torque of 20 kg-cm 5.5      
 
Table 62. Mass loss results for asphalt emulsion type C, 6.0% lime slurry and non-graded 
RAP. 
 Sample 1 Sample 2 
Dry mass before abrasion [g] 2655.1 2653.1 
Dry mass abraded [g] 2525.8 2603.9 






Table 63. TSR test results for asphalt emulsion type D, 4.5 % lime slurry and graded 
RAP. 
Sample Condition   Wet Samples Dry Samples 
Sample Identification    7 2 9 10 1 12 
Diameter 1   149.8 149.9 149.8 149.8 150.0 149.7 
Diameter 2   149.8 149.9 150.0 149.8 149.8 149.9 
Diameter 3   149.9 149.7 149.9 149.9 149.7 149.7 
Diameter [mm] D 149.8 149.8 149.9 149.8 149.8 149.8 
Thickness 1   97.1 95.9 97.1 94.9 95.6 97.5 
Thickness 2   97.2 95.8 97.1 94.8 95.9 97.1 
Thickness 3   97.1 95.9 97.0 95.0 95.8 97.5 
Thickness [mm] t 97.2 95.9 97.0 94.9 95.7 97.4 
Dry mass in air [g] A 3473.6 3460.5 3457.7 3450.6 3456.5 3467.1 
Dry + Parafilm [g]   3484.3 3471.3 3468.3 3461.5 3467.2 3478.4 
Under water weight (Parafilm) [g]   1775.7 1784.0 1762.2 1783.8 1782.0 1784.2 
Volume of Specimen cm3 E 1697.0 1675.6 1694.6 1665.9 1673.6 1681.9 
Bulk SG  Gmb 2.047 2.065 2.040 2.071 2.065 2.061 
Maximum SG Gmm 2.371 2.371 2.371 2.371 2.371 2.371 
% Air voids [100( Gmm-Gmb)/Gmm] Pa 13.7% 12.9% 13.9% 12.6% 12.9% 13.0% 
Volume of air voids (PaE/100) [cm3] Va 231.7 215.8 236.0 210.3 215.5 219.4 
    Saturated   
Thickness [mm] t' 97.4 96.1 97.3 94.9 95.7 97.4 
Dry mass in air [g] A' 3473.6 3460.5 3457.7 
  
SSD mass [g] B' 3646.6 3631.8 3633.3 
Volume of absorbed water (B'-A') [cm3] J' 173.0 171.3 175.6 
% saturation (100J'/Va) S' 74.7% 79.4% 74.4% 
Load, [lbf]  P 1391.0 1244.6 1283.3 1963.4 1765.7 1714.6 
Dry Tensile Strength [psi] @ 77°F S1   57 51 48 
Wet Tensile Strength [psi] @ 77°F S2 39 36 36   
Visual Moisture Damage (0-5)   yes yes yes 0 0 0 
Cracked broken agg.?   2 2 3 yes yes yes 





Table 64. Cohesion test results for asphalt emulsion type D, 4.5 % lime slurry and graded 
RAP. 
 Sample 1 Sample 2 
Time Torque (kg-cm) Torque (kg-cm) 
180 
Read 1 15 
16.0 
Read 1 18 
17.3 Read 2 15 Read 2 17 
Read 3 18 Read 3 17 
210 
Read 1 17 
17.3 
Read 1 18 
17.0 Read 2 18 Read 2 16 
Read 3 17 Read 3 17 
240 
Read 1 18 
18.7 
Read 1 18 
20.0 Read 2 18 Read 2 22 
Read 3 20 Read 3 20 
270 
Read 1 18 
19.7 
Read 1   
 Read 2 20 Read 2   
Read 3 21 Read 3   
Time for torque of 20 kg-cm 4.5      
 
Table 65. Mass loss results for asphalt emulsion type D, 4.5% lime slurry and graded 
RAP. 
 Sample 1 Sample 2 
Dry mass before abrasion [g] 2521.3 2529.6 
Dry mass abraded [g] 2402.3 2396.9 






Table 66. TSR test results for asphalt emulsion type D, 4.5 % lime slurry and non-graded 
RAP. 
Sample Condition   Wet Samples Dry Samples 
Sample Identification    1 2 3 4 5 6 
Diameter 1   149.8 149.8 149.9 149.9 149.8 149.9 
Diameter 2   149.8 149.8 149.9 149.9 149.9 149.9 
Diameter 3   149.9 149.8 149.9 149.9 149.8 149.8 
Diameter [mm] D 149.8 149.8 149.9 149.9 149.8 149.9 
Thickness 1   93.6 92.1 92.2 91.8 92.4 92.2 
Thickness 2   93.9 92.6 92.1 91.7 92.5 92.1 
Thickness 3   93.6 92.4 91.9 91.6 92.3 91.9 
Thickness [mm] t 93.7 92.4 92.1 91.7 92.4 92.1 
Dry mass in air [g] A 3421.9 3431.0 3422.4 3431.3 3420.9 3419.6 
Dry + Parafilm [g]   3433.3 3441.9 3433.7 3442.7 3432.4 3430.9 
Under water weight (Parafilm) [g]   1775.8 1806.8 1799.9 1807.0 1794.3 1800.6 
Volume of Specimen cm3 E 1645.1 1623.3 1621.5 1623.3 1625.6 1618.0 
Bulk SG  Gmb 2.080 2.114 2.111 2.114 2.104 2.113 
Maximum SG Gmm 2.401 2.401 2.401 2.401 2.401 2.401 
% Air voids [100( Gmm-Gmb)/Gmm] Pa 13.4% 12.0% 12.1% 12.0% 12.4% 12.0% 
Volume of air voids (PaE/100) [cm3] Va 220.1 194.4 196.3 194.3 201.0 193.9 
    Saturated   
Thickness [mm] t' 94.0 92.4 92.4 91.7 92.4 92.1 
Dry mass in air [g] A' 3420.8 3430.0 3421.0 
  
SSD mass [g] B' 3579.5 3566.9 3559.4 
Volume of absorbed water (B'-A') [cm3] J' 158.7 136.9 138.4 
% saturation (100J'/Va) S' 72.1% 70.4% 70.5% 
Load, [lbf]  P 1336.8 1455.2 1616.0 2022.1 1848.9 2252.2 
Dry Tensile Strength [psi] @ 77°F S1   60 55 67 
Wet Tensile Strength [psi] @ 77°F S2 39 43 48   
Visual Moisture Damage (0-5)   3 5 4 0 0 0 
Cracked broken agg.?   no yes no yes no  No 






Table 67. Cohesion test results for asphalt emulsion type D, 4.5 % lime slurry and non-
graded RAP. 
 Sample 1 Sample 2 
Time Torque (kg-cm) Torque (kg-cm) 
210 
Read 1 17 
16.7 
Read 1 16 
17.3 Read 2 16 Read 2 18 
Read 3 17 Read 3 18 
240 
Read 1 18 
17.3 
Read 1 19 
18.7 Read 2 16 Read 2 19 
Read 3 18 Read 3 18 
270 
Read 1 21 
19.7 
Read 1 22 
20.3 Read 2 18 Read 2 19 
Read 3 20 Read 3 20 
Time for torque of 20 kg-cm 4.5      
 
Table 68. Mass loss results for asphalt emulsion type D, 4.5% lime slurry and non-
graded RAP. 
 Sample 1 Sample 2 
Dry mass before abrasion [g] 2583.9 2573.9 
Dry mass abraded [g] 2547.0 2569.1 






Table 69. TSR test results for asphalt emulsion type D, 6.0 % lime slurry and graded 
RAP. 
Sample Condition   Wet Samples Dry Samples 
Sample Identification    4 2 3 1 5 6 
Diameter 1   150.0 149.7 149.9 149.9 149.8 149.8 
Diameter 2   149.8 149.9 150.0 149.9 149.8 149.8 
Diameter 3   149.9 149.9 149.9 149.8 149.8 149.9 
Diameter [mm] D 149.9 149.8 149.9 149.9 149.8 149.8 
Thickness 1   93.9 94.3 94.0 92.1 92.0 91.6 
Thickness 2   93.8 94.2 93.9 91.9 92.0 91.8 
Thickness 3   93.5 94.3 93.9 91.7 92.0 91.6 
Thickness [mm] t 93.7 94.3 93.9 91.9 92.0 91.7 
Dry mass in air [g] A 3394.0 3386.1 3389.6 3387.9 3392.3 3394.6 
Dry + Parafilm [g]   3404.8 3396.7 3400.3 3398.4 3402.9 3405.1 
Under water weight (Parafilm) [g]   1752.9 1736.9 1749.5 1751.3 1744.7 1756.1 
Volume of Specimen cm3 E 1640.2 1648.3 1639.2 1635.7 1646.7 1637.6 
Bulk SG  Gmb 2.069 2.054 2.068 2.071 2.060 2.073 
Maximum SG Gmm 2.355 2.355 2.355 2.355 2.355 2.355 
% Air voids [100( Gmm-Gmb)/Gmm] Pa 12.1% 12.8% 12.2% 12.0% 12.5% 12.0% 
Volume of air voids (PaE/100) [cm3] Va 198.8 210.3 199.7 196.9 206.0 196.0 
    Saturated   
Thickness [mm] t' 94.1 94.9 94.0 91.9 92.0 91.7 
Dry mass in air [g] A' 3394.0 3386.1 3389.6 
  
SSD mass [g] B' 3537.6 3551.8 3539.2 
Volume of absorbed water (B'-A') [cm3] J' 143.6 165.7 149.6 
% saturation (100J'/Va) S' 72.2% 78.8% 74.9% 
Load, [lbf]  P 1549.8 1336.4 1407.7 1823.0 1865.9 1798.7 
Dry Tensile Strength [psi] @ 77°F S1   54 56 54 
Wet Tensile Strength [psi] @ 77°F S2 45 39 41   
Visual Moisture Damage (0-5)   1 2 3 0 0 0 
Cracked broken agg.?   yes yes yes yes yes yes 





Table 70. Cohesion test results for asphalt emulsion type D, 6.0 % lime slurry and graded 
RAP. 
 Sample 1 Sample 2 
Time Torque (kg-cm) Torque (kg-cm) 
240 
Read 1 16 
16.0 
Read 1 18 
18.0 Read 2 16 Read 2 18 
Read 3 16 Read 3 18 
270 
Read 1   
 
Read 1 19 
19.0 Read 2   Read 2 18 
Read 3   Read 3 20 
300 
Read 1 18 
19.7 
Read 1 21 
20.3 Read 2 19 Read 2 19 
Read 3 22 Read 3 21 
330 
Read 1 21 
20.0 
Read 1   
 Read 2 20 Read 2   
Read 3 19 Read 3   
Time for torque of 20 kg-cm 5.5      
 
Table 71. Mass loss results for asphalt emulsion type D, 6.0 % lime slurry and graded 
RAP. 
 Sample 1 Sample 2 
Dry mass before abrasion [g] 2600.1 2603.6 
Dry mass abraded [g] 2534.0 2553.8 






Table 72. TSR test results for asphalt emulsion type D, 6.0 % lime slurry and non-graded 
RAP. 
Sample Condition   Wet Samples Dry Samples 
Sample Identification    1 2 3 4 5 6 
Diameter 1   149.8 149.8 149.9 149.9 150.0 149.9 
Diameter 2   149.8 149.9 149.9 149.9 149.9 149.9 
Diameter 3   149.8 149.9 149.9 149.8 149.9 149.8 
Diameter [mm] D 149.8 149.9 149.9 149.9 149.9 149.9 
Thickness 1   91.7 91.6 92.3 90.2 92.5 92.2 
Thickness 2   91.6 91.7 92.1 90.3 92.4 92.4 
Thickness 3   91.9 91.7 92.1 90.1 92.6 92.3 
Thickness [mm] t 91.7 91.7 92.2 90.2 92.5 92.3 
Dry mass in air [g] A 3424.9 3425.3 3443.5 3346.9 3445.0 3447.8 
Dry + Parafilm [g]   3436.0 3436.2 3454.8 3358.0 3456.2 3458.9 
Under water weight (Parafilm) [g]   1803.2 1800.3 1812.5 1762.2 1808.6 1809.9 
Volume of Specimen cm3 E 1620.8 1624.1 1630.0 1583.8 1635.5 1637.0 
Bulk SG  Gmb 2.113 2.109 2.113 2.113 2.106 2.106 
Maximum SG Gmm 2.401 2.401 2.401 2.401 2.401 2.401 
% Air voids [100( Gmm-Gmb)/Gmm] Pa 12.0% 12.1% 12.0% 12.0% 12.3% 12.3% 
Volume of air voids (PaE/100) [cm3] Va 194.1 197.2 195.6 189.6 200.4 200.7 
    Saturated   
Thickness [mm] t' 91.7 91.7 92.3 90.2 92.5 92.3 
Dry mass in air [g] A' 3423.6 3424.0 3442.0 
  
SSD mass [g] B' 3561.4 3563.0 3579.3 
Volume of absorbed water (B'-A') [cm3] J' 137.8 139.0 137.3 
% saturation (100J'/Va) S' 71.0% 70.5% 70.2% 
Load, [lbf]  P 1481.5 1438.9 1396.3 1834.9 1894.8 1872.7 
Dry Tensile Strength [psi] @ 77°F S1   56 56 56 
Wet Tensile Strength [psi] @ 77°F S2 44 43 42   
Visual Moisture Damage (0-5)   5 3 4 0 0 0 
Cracked broken agg.?   no no no yes no yes 






Table 73. Cohesion test results for asphalt emulsion type D, 6.0 % lime slurry and non-
graded RAP. 
 Sample 1 Sample 2 
Time Torque (kg-cm) Torque (kg-cm) 
240 
Read 1 18 
18 
Read 1 18 
19 Read 2 17 Read 2 20 
Read 3 19 Read 3 19 
270 
Read 1 18 
19 
Read 1 18 
19.667 Read 2 20 Read 2 20 
Read 3 19 Read 3 21 
300 
Read 1 20 
20.667 
Read 1 22 
21 Read 2 21 Read 2 20 
Read 3 21 Read 3 21 
Time for torque of 20 kg-cm 5.0      
 
Table 74. Mass loss results for asphalt emulsion type D, 6.0 % lime slurry and non-
graded RAP. 
 Sample 1 Sample 2 
Dry mass before abrasion [g] 2567.3 2584.5 
Dry mass abraded [g] 2552.5 2574.8 






7.2. CIR In-Place Density 
7.2.1. Slabs density comparison data 
 
Figure 68. Slab 1 comparison of estimated air voids vs cores air voids using Corelok 
 

















Air Voids Sand Cone and Balloon
Slab 1 [Corelok]

















Air Voids Sand Cone and Balloon
Slab 2 [Parafilm]




Figure 70. Slab 2 comparison of estimated air voids vs cores air voids using Corelok 
 

















Air Voids Sand Cone and Balloon
Slab 2 [Corelok]

















Air Voids Sand Cone and Balloon
Slab 3 [Parafilm]




Figure 72. Slab 3 comparison of estimated air voids vs cores air voids using Corelok 
 

















Air Voids Sand Cone and Balloon
Slab 3 [Corelok]

















Air Voids Sand Cone and Balloon
Slab 4 [Parafilm]




Figure 74. Slab 4 comparison of estimated air voids vs cores air voids using Corelok 
 

















Air Voids Sand Cone and Balloon
Slab 4 [Corelok]

















Air Voids Sand Cone and Balloon
Slab 5 [Parafilm]




Figure 76. Slab 5 comparison of estimated air voids vs cores air voids using Corelok 
 

















Air Voids Sand Cone and Balloon
Slab 5 [Corelok]

















Air Voids Sand Cone and Balloon
Slab 6 [Parafilm]




Figure 78. Slab 6 comparison of estimated air voids vs cores air voids using Corelok 
 

















Air Voids Sand Cone and Balloon
Slab 6 [Corelok]

















Air Voids Sand Cone and Balloon
Slab 7 [Parafilm]























Air Voids Sand Cone and Balloon
Slab 7 [Corelok]
Balloon Sand Cone Equiality Line
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7.3. CIR Long-Term Performance 
7.3.1. Long-term Performance 











Additional 1 2808 US050 1997 2 2.5   688 
Additional 2 2838 SR396 1998 2 2   70 
Additional 3 2876A SR208 1998 2 2   1,329 
Additional 4 2876B SR338 1998 2 1.5   421 
Additional 5 2876C SR829 1998 2 1.5   350 
Additional 6 2935 SR360 1999 2 2.5   500 
Additional 7 2955 US095 1999 3 2.5   2,500 
Additional 8 2961A US006 1999 3 3   2,016 
Additional 9 2961B SR376 1999 2 1.5   600 
Additional 10 2961C US006 1999 2 2   403 
Additional 11 2974 US050 1999 3 2.75   642 
Old 12 3002 US006 2000 3 2 CMS-2s 350 
Old 13 3013 US095 2001 3 3 CMS-2s 3,343 
Old 14 3025A US093 2000 2 2 CMS-2s 656 
Old 15 3025B US093 2000 2 2.25 CMS-2s 400 
Old 16 3025C US093 2000 2 2 CMS-2s 400 
Old 17 3096 US006 2002 2.5 2.5 CMS-2s 958 
Old 18 3097 US050 2002 2.5 2.5 CMS-2s 1,123 
Old 19 3099 US095 2002 3 3 CMS-2s 2,600 
Old 20 3116 SR225 2002 3 2.5 CMS-2s 800 
Old 21 3138 SR429 2002 3 2 CMS-2s 1,250 
Old 22 3139 US093 2002 3 2.5 CMS-2s 2,600 
Old 23 3143A US095 2002 3 3 CMS-2s 2,663 
Old 24 3143B US095 2002 3 3 CMS-2s 2,700 
Old 25 3143C US095 2002 2 3 CMS-2s 2,765 
Old 26 3151A SR487 2003 3 1.5 CMS-2s 233 
Old 27 3151B SR488 2003 3 1.5 CMS-2s 350 
Old 28 3165 SR207 2003 3 2.5 CMS-2s 5,600 
Old 29 3191 US050 2003 3 3 CMS-2s 15,875 
Old 30 3198 SR225 2004 3 2 CMS-2s 520 
Old 31 3201 SR163 2004 3 3 CMS-2s 4,300 
Old 32 3220A FRWA48 2004 2.75 2 CMS-2s   













Old 33 3220B SR425 2004 2.75 3 CMS-2s 2,480 
Old 34 3239A SR208 2005 3 2 CMS-2s 3,100 
Old 35 3239B SR209 2005 3 2 CMS-2s 1,334 
Old 36 3250 SR227 2005 3 3 CMS-2s 8,000 
Old 37 3256 US006 2005 3 1.5 CMS-2s 486 
Old 38 3259 SR206 2005 2 2 CMS-2s 1,564 
Old 39 3261 US093 2005 3 3 CMS-2s 2,600 
Old 40 3262 SR318 2005 3 3 CMS-2s 1,413 
Old 41 3278A US093 2005 3 3 CMS-2s 1,968 
Old 42 3278B US093 2005 3 1.5 CMS-2s 500 
Old 43 3303A US006 2006 3 2.5 CMS-2s 2,500 
Old 44 3303B US006 2006 3 2.5 CMS-2s   
Old 45 3305 US093 2006 3 3 CMS-2s 2,600 
Old 46 3329 IR080 2007 3.5 4 CMS-2s 5,169 
Old 47 3349 US093 2008 3 3 Pass-R 1,800 
New 48 3380 US093 2009 3 3 CMS-2s 2,600 
New 49 3382 SR318 2009 3 3 CMS-2s 1,400 
New 50 3385 US095 2009 3 3 CMS-2s 2,500 
New 51 3386 SR305 2009 3 2 CMS-2s 476 
New 52 3413 US095 2010 3 3 CMS-2s 2,000 
New 53 3415 US093 2010 3 2 CMS-2s 1,568 
New 54 3420 US093 2010 3 3 CMS-2s 1,346 
New 55 3451 US050 2011 3 2 CMS-2s 550 
New 56 3461 IR080 2012 3.5 4 CMS-2s 5,206 
New 57 3479 US093 2011 3 3 CMS-2s 1,500 
Old 58 
D0-124-
08C US093 2008 3 3 Reflex 2,040 
Old 59 
D0-124-
08E US093 2008 3 3 Reflex 1,500 
New 60 
D2-004-
11R SR447 2011 3 2 CMS-2s 950 
New 61 
D2-013-
11R SR397 2011 3 3   350 
New 62 
D3-005-
09A SR306 2009 3 2 CMS-2s 1,500 
New 63 
D3-005-





Table 76. Identified CIR with Surface Treatment projects in Nevada. 
Status No. Contract ID Route 
Award 
Year 





in Surface Treatment 
Additional 64 2838 
FRPE0
1 1998 2 Fog seal   83 
Old 65 3151C SR487 2003 3 Chip seal CMS-2s 150 
New 66 3509A SR116 2013 3 Double chip seal CMS-2s 708 
New 67 3509B SR860 2013 3 Double chip seal CMS-2s 70 
Old 68 D0-124-08A SR757 2008 3 Double chip seal Reflex 1,600 
Old 69 D0-124-08B SR447 2008 3 Chip seal Reflex 350 
Old 70 D0-124-08D US050 2008 3 Double chip seal Reflex 550 
New 71 D2-004-09A SR828 2009 3   CMS-2s 4,880 
New 72 D2-004-09B SR447 2009 3   CMS-2s 350 
New 73 D2-004-11R SR447 2011 3 Double chip seal CMS-2s 350 
New 74 D2-047-10A SR726 2010 2.5 Double chip seal CMS-2s 350 
New 75 D2-047-10B SR339 2010 2.5 Double chip seal CMS-2s 1,757 
New 76 D2-047-10C SR447 2011 3 Double chip seal CMS-2s 447 
Old 77 D3-010-05A SR892 2005 1.5 Double chip seal Pass-R 100 
Old 78 D3-010-05B SR892 2005 1.5 Double chip seal Reflex 100 
New 79 D3-041-10 SR278 2010 3 Double chip seal CMS-2s 439 
Old 80 P158-04-050A SR226 2004 3 Double chip seal CMS-2s 265 
Old 81 P158-04-050B SR226 2004 4 Double chip seal Reflex 265 
Old 82 P197-60-050A SR445 2006 2 Double chip seal Reflex 550 
Old 83 P197-60-050B SR226 2006 2 Double chip seal Reflex 150 
Old 84 P197-60-050C SR772 2006 2 Double chip seal Reflex 40 
Old 85 P264-03-050A US006 2003 2 Double chip seal CMS-2s 250 
Old 86 P264-03-050B US006 2003 2 Double chip seal CMS-2s 250 
Old 87 P264-03-050C US006 2003 2 Double chip seal Reflex 250 
Old 88 P264-03-050D US006 2003 2 Double chip seal Reflex 250 
Old 89 P264-03-050F US006 2003 2 Double chip seal Reflex 250 
Old 90 P264-03-050H US006 2003 2 Double chip seal CMS-2s 250 
Old 91 P264-03-050I US006 2003 2 Double chip seal CMS-2s 250 
Old 92 P319-05-101 SR168 2005 3 Chip seal CMS-2s 250 
Old 93 P463-07-301A US0006 2007 3   Reflex 250 















1 2012 Chip seal & flush seal     
2 2013 Chip seal     
3 2006 Chip seal 2010 Chip seal 
4 2008 Chip seal     
5 2008 Chip seal     
6 2010 Chip seal     
7 2010 Flush seal 2014 Chip seal 
8 2004 Flush seal     
9 2013 Fog/flush seal     
10 2011 Chip seal & flush seal     
11 2008 Chip seal & flush seal 2014 Double chip seal 
12 2009 Chip seal & flush seal 2013 Chip seal 
13 2009 Flush seal 2012 Fog seal 
14 2006 Chip seal & flush seal 2011 Chip seal 
15 2007 Chip seal & flush seal     
16 2007 Chip seal & flush seal 2014 Chip seal & flush seal 
17 2006 Flush seal 2010 Chip seal 
18 2008 Flush seal     
19 2010 Flush seal 2014 Chip seal 
20 2010 Chip seal & flush seal     
21 2010 Flush seal     
22 2011 Chip seal & flush seal     
23 2011 Chip seal     
24 2011 Chip seal     
25 2011 Chip seal     
26 2011 Chip seal & flush seal     
27 2011 Chip seal & flush seal     
28 2013 Fog/flush seal     
29 2013 Fog/flush seal     
30 2011 Chip seal 2012 Chip seal 
31 2010 Flush seal     
32 2011 Flush seal     
33 2012 Flush seal     
34 2010 Flush seal     
35 2010 Flush seal     
36         
159 
 
37 2013 Chip seal & flush seal     
38 2013 Fog/flush seal     
39 2014 Chip seal     
40 2014 Chip seal     
41 2010 Flush seal     
42         
43 2005 Slurry seal 2009 Fog seal 
44 2005 Slurry seal 2009 Fog seal 
45         
46         
47 2009 Chip seal & flush seal     
48         
49         
50         
51         
52         
53         
54         
55         
56         
57         
58 2009 Chip seal & flush seal 2013 Chip seal & seal coat 
59 2009 Chip seal & flush seal     
60         
61         
62 2009 Chip seal & flush seal     
63 2009 Chip seal & flush seal     
64 2000 Chip seal 2010 Chip seal 
65 2011 Chip seal & flush seal     
66         
67         
68 2013 Fog/flush seal     
69 2008 Double chip seal & flush seal     
70         
71 2014 Chip seal     
72 2009 Double chip seal     
73         
74         
75         
76         
160 
 
77 2005 Chip seal & flush seal     
78 2006 Chip seal & flush seal     
79 2014 Chip seal     
80 2006 Double chip seal 2012 Chip seal & fog seal 
81 2007 Double chip seal 2013 Chip seal & fog seal 
82 2010 Flush seal 2014 Double chip seal 
83 2014 Chip seal     
84 2012 Flush seal     
85         
86         
87         
88         
89         
90         
91         
92 2013 Chip seal & flush seal     
93 2007 Double chip seal 2012 Microsurface 














































































































































Additional 1 2808 1997                                   92 81 
Additional 2 2838 1998                                 84 86   
Additional 3 2876A 1998                                 95 58   
Additional 4 2876B 1998                                 87 73   
Additional 5 2876C 1998                                 99 72   
Additional 6 2935 1999                               95 93     
Additional 7 2955 1999                               84 100     
Additional 8 2961A 1999                               92 99     
Additional 9 2961B 1999                               93 94     
Additional 10 2961C 1999                               93 76     
Additional 11 2974 1999                               90 96     
Old 12 3002 2000 82   100   96   87   74           79 91       
Old 13 3013 2001 94   100   100   95   94   94     94 93         
Old 14 3025A 2000 92   100   95   96   87           81 86       
Old 15 3025B 2000 89   97   97   100   86           83 85       
Old 16 3025C 2000 81   96   88   100   80           80 92       
Old 17 3096 2002 77   100   100   96   91       98 96           
Old 18 3097 2002 91   100   100   100   99       99 100           
Old 19 3099 2002 92   100   100   100   96       96 100           
Old 20 3116 2002 85   100   98   96   90       97 95           
Old 21 3138 2002 72   100   98   97   100       100 100           
Old 22 3139 2002 96   100   100   100   100       100 90           
Old 23 3143A 2002 85   100   100   100   100       100 85           
162 
 
Old 24 3143B 2002 89   100   100   99   98       100 71           
Old 25 3143C 2002 83   100   100   100   100       100 72           
Old 26 3151A 2003 95   97   100   99   98     100 97             
Old 27 3151B 2003 97   86   100   100   100     100 100             
Old 28 3165 2003 85   100   100   91   89     98 95             
Old 29 3191 2003 48   100   100   100   92     100 92             
Old 30 3198 2004 81   100   91   99   63   73 99               
Old 31 3201 2004 61   100   99   99       100 99               
Old 32 3220A 2004 44   100   100   89       100 100               
Old 33 3220B 2004 44   100   100   89       89 100               
Old 34 3239A 2005 51   100   100   99     99 100                 
Old 35 3239B 2005 62   100   100   99     100 98                 
Old 36 3250 2005 73   100   99   100     100 97                 
Old 37 3256 2005 90   98   95   91     91 99                 
Old 38 3259 2005 87   100   100   100     100 100                 
Old 39 3261 2005 66   100   100   100     100 98                 
Old 40 3262 2005 93   100   100   90     90 99                 
Old 41 3278A 2005 88   100   100   100     100 98                 
Old 42 3278B 2005 85   100   98   95     95 90                 
Old 43 3303A 2006 73   100   88   100   100 100                   
Old 44 3303B 2006 49   100   98   100   100 100                   
Old 45 3305 2006 85   100   100       100 90                   
Old 46 3329 2007 96   100         100 99                     
Old 47 3349 2008 70   94       90 97                       
New 48 3380 2009 100   100     100 98                         
New 49 3382 2009 83   100     100 100                         
New 50 3385 2009 75   100     100 97                         
New 51 3386 2009 83   100     100 100                         
New 52 3413 2010 99       100 100                           
New 53 3415 2010 81 99     99 99                           
163 
 
New 54 3420 2010 92 98     98 97                           
New 55 3451 2011 98     100 100                             
New 56 3461 2012 91   90 97                               
New 57 3479 2011 88     88 100                             
Old 58 
D0-124-
08C 2008 83   94       96 88                       
Old 59 
D0-124-
08E 2008 88   98       98 97                       
New 60 
D2-004-
11R 2011 84     84 97                             
New 61 
D2-013-
11R 2011 86     86 95                             
New 62 
D3-005-
09A 2009 74   98     98 90                         
New 63 
D3-005-

















































































































































Additional 64 2838 1998                                 83 83 
Old 65 3151C 2003 95   100   95   95   95     100 91           
New 66 3509A 2013   79 87                               
New 67 3509B 2013   80 64                               
Old 68 D0-124-08A 2008 91   64       64 99                     
Old 69 D0-124-08B 2008 84   98       98 92                     
Old 70 D0-124-08D 2008 81   91       90 91                     
New 71 D2-004-09A 2009 100   92     92 86                       
New 72 D2-004-09B 2009 84   91     91 90                       
New 73 D2-004-11R 2011 84     84 97                           
New 74 D2-047-10A 2010   100     100 92                         
New 75 D2-047-10B 2010 72 100     100 76                         
New 76 D2-047-10C 2010 91 81     81 84                         
Old 77 D3-010-05A 2005 80   100   98   94     88 91               
Old 78 D3-010-05B 2005 95   94   90   87     95 93               
New 79 D3-041-10 2010 74 85     85 74                         
Old 80 P158-04-050A 2004 62   100   95   95   58   59 91             
Old 81 P158-04-050B 2004 79   100   95   56   39   42 77             
Old 82 P197-60-050A 2006 66   100   94   95   96 100                 
Old 83 P197-60-050B 2006 44   85   86   45   49 86                 
Old 84 P197-60-050C 2006 92   100   93   80   80 84                 
Old 85 P264-03-050A 2003 92   89   92   73   89     91 73           
Old 86 P264-03-050B 2003 93   95   92   92   97     97 74           
Old 87 P264-03-050C 2003 89   100   91             99 74           
165 
 
Old 88 P264-03-050D 2003 86   93   95   98   99     94 74           
Old 89 P264-03-050F 2003 92   100   100   98   89     83 75           
Old 90 P264-03-050H 2003 98   91   93   81   91     91 69           
Old 91 P264-03-050I 2003 98   95   96   88   91     88 73           
Old 92 P319-05-101 2005 79   99   92   90     90 93               
Old 93 P463-07-301A 2007 82   98   93     94 90                   




7.3.2. Benefit Cost Analysis 




Total Cost per mile 
per lane 
($/mi/lane) 
CIR Cost per mi per in 
per lane ($/mi/in/lane) 
Overlay Cost per mile 
per in per lane 
($/mi/in/lane) 
1 2808    
2 2838    
3 2876A    
4 2876B    
5 2876C    
6 2935    
7 2955    
8 2961A    
9 2961B    
10 2961C    
11 2974    
12 3002    
13 3013 162,656 7,978 12,344 
14 3025A 
80,066 8,521 13,448 15 3025B 
16 3025C 
17 3096 125,611   
18 3097 138,598 8,828 20,628 
19 3099 134,350 8,929 19,526 
20 3116 115,122 8,196 19,443 
21 3138 156,065 9,261 27,569 
22 3139 82,705 5,262 12,890 
23 3143A 
131,291 10,146 20,235 24 3143B 
25 3143C 
26 3151A 
86,585 5,953 12,340 
27 3151B 
28 3165 278,712 8,444 31,270 
29 3191 203,754 21,183 23,054 
30 3198 83,901 4,805 11,519 
31 3201 198,117 12,147 30,012 





436,062  15,189   101,856 
35 3239B 
36 3250   233,514  11,292     34,351 
37 3256     81,932    6,465     19,489 
38 3259   202,925  23,252     38,903 
39 3261   123,183    6,626     18,432 
40 3262   145,398    7,526     25,585 
41 3278A 
  202,612  10,970     35,407 
42 3278B 
43 3303A 
  256,930  11,204     36,636 
44 3303B 
45 3305   376,715  16,538     49,744 
46 3329   432,939  14,766     46,891 
47 3349   206,281  12,822     38,398 
48 3380   286,691  11,121     37,749 
49 3382   476,675  12,283     75,981 
50 3385   728,228  34,996   111,718 
51 3386   154,158  11,146     33,994 
52 3413   226,146  14,133     40,172 
53 3415   235,332  11,914     42,257 
54 3420   216,237  12,177     36,298 
55 3451   350,373  24,141     82,926 
56 3461   528,050  12,967     55,357 
57 3479   230,725  15,119     41,593 
58 D0-124-08C 
  144,720  22,523     14,225 
59 D0-124-08E 
60 D2-004-11R   125,649   
61 D2-013-11R    
62 D3-005-09A 








Table 81. Cost per lane mile per inch for CIR with Overlay identified projects 
Treatment Contract ID 
Total Cost per 
lane mile 
($/mi) 
CIR Cost per 
lane mile per in 
($/mi/in) 
Treatment Cost 
per lane mile 
($/mi) 
64 2838    
65 3151C     86,585    5,953     1,424 
66 3509A 
    81,812  13,833  18,948 
67 3509B 
68 D0-124-08A 
 144,720  22,523     8,633 69 D0-124-08B 
70 D0-124-08D 
71 D2-004-09A 
 112,338  28,718     8,970 
72 D2-004-09B 
73 D2-004-11R  125,649   
74 D2-047-10A 
    92,327  14,460  35,354 75 D2-047-10B 
76 D2-047-10C 
77 D3-010-05A 
    29,789   
78 D3-010-05B 
79 D3-041-10  120,244  12,439  35,711 
80 P158-04-050A    
81 P158-04-050B 
82 P197-60-050A 
   83 P197-60-050B 
84 P197-60-050C 
85 P264-03-050A 
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Figure 81. Benefit calculation for contract 3025A using area under PCI curve. 
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Figure 83. Benefit calculation for contract 3025C using area under PCI curve. 
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Figure 85. Benefit calculation for contract 3099 using area under PCI curve. 
 
Figure 86. Benefit calculation for contract 3116 using area under PCI curve. 
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Figure 87. Benefit calculation for contract 3138 using area under PCI curve. 
 
Figure 88. Benefit calculation for contract 3139 using area under PCI curve. 
 
Figure 89. Benefit calculation for contract 3143A using area under PCI curve. 
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Figure 90. Benefit calculation for contract 3143B using area under PCI curve. 
  
Figure 91. Benefit calculation for contract 3143C using area under PCI curve. 
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Figure 92. Benefit calculation for contract 3151A using area under PCI curve. 
 
Figure 93. Benefit calculation for contract 3151B using area under PCI curve. 







































Figure 94. Benefit calculation for contract 3165 using area under PCI curve. 
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Figure 96. Benefit calculation for contract 3198 using area under PCI curve. 
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Figure 98. Benefit calculation for contract 3220A using area under PCI curve. 
 
Figure 99. Benefit calculation for contract 3220B using area under PCI curve. 
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Figure 101. Benefit calculation for contract 3239B using area under PCI curve. 
 
Figure 102. Benefit calculation for contract 3250 using area under PCI curve. 
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Figure 103. Benefit calculation for contract 3256 using area under PCI curve. 
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Figure 105. Benefit calculation for contract 3261 using area under PCI curve. 
 
Figure 106. Benefit calculation for contract 3262 using area under PCI curve. 


































Figure 107. Benefit calculation for contract 3278A using area under PCI curve. 
 
Figure 108. Benefit calculation for contract 3278B using area under PCI curve. 
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Figure 109. Benefit calculation for contract 3151C using area under PCI curve. 
 
Figure 110. Benefit calculation for contract D0-124-08A using area under PCI curve. 
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Figure 112. Benefit calculation for contract D0-124-08D using area under PCI curve. 
 
Figure 113. Benefit calculation for contract D2-004-09A using area under PCI curve. 
100































Figure 114. Benefit calculation for contract D2-004-09B using area under PCI curve. 
 
Figure 115. Benefit calculation for contract D2-004-11R using area under PCI curve. 
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Figure 116. Benefit calculation for contract D2-047-10A using area under PCI curve. 
 
Figure 117. Benefit calculation for contract D2-047-10B using area under PCI curve. 
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Figure 118. Benefit calculation for contract D2-047-10C using area under PCI curve. 
 
Figure 119. Benefit calculation for contract D3-010-05A using area under PCI curve. 
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Figure 120. Benefit calculation for contract D3-010-05B using area under PCI curve. 
 





































Figure 122. Benefit calculation for contract P158-04-050A using area under PCI curve. 
 



































Figure 124. Benefit calculation for contract P197-60-050C using area under PCI curve. 
 
Figure 125. Benefit calculation for contract P264-03-050A using area under PCI curve. 
 











































Figure 127. Benefit calculation for contract P264-03-050C using area under PCI curve. 
 


































Figure 129. Benefit calculation for contract P264-03-050F using area under PCI curve. 
 
Figure 130. Benefit calculation for contract P264-03-050H using area under PCI curve. 




























Figure 131. Benefit calculation for contract P264-03-050I using area under PCI curve. 
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Figure 133. Benefit calculation for contract P464-07-301A using area under PCI curve. 
 
Figure 134. Benefit calculation for contract P463-07-301C using area under PCI curve. 
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